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Abstract
Air temperature is increasing at three or more times the global average in high latitudes,
causing widespread permafrost thaw across the boreal biome. Since the boreal biome stores 3040% of global terrestrial carbon (C), of which about 30-45% is found in permafrost soils, this
temperature increase could cause a large efflux of C to the atmosphere. Climate warming and
permafrost thaw are also expected to alter plant community composition and productivity and,
given the link between plant functional traits and ecosystem C fluxes, may alter overall
ecosystem function. Across the boreal biome of western Canada, we know surprisingly little
about warming-induced changes in plant functional traits, thus narrowing the ability to
understand and model warming-induced changes on ecosystem function. I aimed to address this
knowledge gap through three main objectives: 1. exploring understory plant community
composition and community-level trait variation across four boreal peatland sites spanning 15°
of latitude; 2. understanding the implications of permafrost thaw-induced environmental changes
on vascular plant community composition and community-level traits along gradients in
aboveground tree biomass and active layer; 3. determining how understory plant community
composition and community-level traits mediate ecosystem C fluxes following increased nutrient
availability at depth and whether responses differ with canopy density. I found that the largescale climatic gradient had a small influence on community composition and community-level
traits compared to within-site environmental gradients. In addition, a thicker active (seasonally
thawed) layer increased community-level traits. Similarly, nutrient increases in shallow soil (~20
cm) increased community-level traits of vascular plants and forest floor C fluxes, but only when
canopy was sufficiently open. Importantly, variation in community-level traits found throughout
my dissertation was generally explained by species turnover. Thus, my research suggests that
i

local increases in active layer thickness, and nutrient and light availability will drive changes in
plant community composition toward species that enhance community-level productivity,
thereby enhancing plant-mediated C uptake of peatland sites. However, this increased plant
productivity is unlikely to account for C loss with continued warming and permafrost thaw in the
long term due to concomitant changes in fluxes attributable to soil microbial activity.

ii

Dedication
I lovingly dedicate this dissertation to the biggest supporters during my PhD.
Firstly, to my husband Jordan Musetta-Lambert who graciously accepted all my (many
many) moods and did everything in his power to keep me sane. I wouldn’t be writing this
dedication if it weren’t for his constant encouragement and support. You are my rock.
Secondly, to the two most tolerant creatures I know: my dogs Acer rubrum and Iris
versicolor. Going for walks, getting lots of snuggles, and the constant reminders that they need
pets kept me going while I worked from home during the never-ending COVID-19 pandemic.
Third, Katherine Dearborn, my nemesis and confidante, has been a truly amazing mentor
to me throughout this process. She kept me grounded, listened to an endless barrage of
complaints, problems, and panicked questions, and put me on the right track more times than I
can count. I will never forget what she did for me, the poems she wrote, the “amazing” watch she
gave me, all our time at Scotty Creek watching Firefly and endless romantic comedies, or this
ancient proverb she shared with me: “Once two Katherines are joined they should not be
unjoined”. All joking aside, THANK YOU!
Lastly, my daughter Abby Musetta. During the final stages of my PhD, she was a
constant, friendly, and sometimes screaming reminder of why I persevered in this degree. She
also provided me with motivation in the final push to get this done. I love you, little one.

iii

Acknowledgements
This dissertation benefitted from support (emotional, logistical, and otherwise) from a
plethora of people. First and foremost, I acknowledge my supervisor, Dr. Jenn Baltzer, who
guided me through this process. Secondly, my supervisory committee, Dr. Oliver Sonnentag and
Dr. Derek Gray, and the external examiners for my qualifying exam, Dr. Merritt Turetsky, and
defense, Dr. Ellen Macdonald, for providing helpful suggestions. Lastly, Dr. Gord McNickle for
offering friendly advice while sitting out on the Sphagnum at Scotty Creek.
I acknowledge the invaluable contribution of all the research assistants and techs who
supported me in the field and lab: Meagan Warkentin, Becca Warren, Jenna Rabley, Liam
Manning, Jason Paul, Heather Baehre, and Kate McDonald, as well as many undergraduate
volunteers from WLU and University of Waterloo. Also, the entirety of the Forest Ecology
Research Group (FERG) throughout the years deserves huge thanks: N. Day, K. Dearborn, A.
Coles, R. Alfaro Sanchez, K. Reid, K. Black, A. White, J. Paul, A. Sniderhan, C. Wallace, A.
Jorgenson, N. Perron, and E. Ogden. The FERG forum has (sometimes in too much
detail…cough...CORY…cough) answered my many questions about stats, experimental design,
and writing, and commiserated about the challenges of grad school. Special thanks to Cory
Wallace for spending so much time discussing everything under the sun with me.
Next, I lovingly thank my family and friends. Though they often didn’t understand why I
was doing this, or what I actually did, they supported me nonetheless. Special thanks to my
parents Dave and Diane Standen, grandmother Grace Chapman, and brother Mike Standen.
Due to this overwhelming support, I can say that I have finally (…maybe a bit late…)
finished this dissertation. Thank you.

iv

Table of Contents
Abstract ............................................................................................................................................ i
Dedication ...................................................................................................................................... iii
Acknowledgements ........................................................................................................................ iv
Table of Contents ............................................................................................................................ v
List of Figures ................................................................................................................................ ix
List of Tables .............................................................................................................................. xvii
Chapter 1. General Introduction ..................................................................................................... 1
1.1 Literature Review .................................................................................................................. 1
1.1.1 Effects of Climate Warming in the Boreal Biome ......................................................... 1
1.1.2 Global Importance of Boreal Peatlands .......................................................................... 3
1.1.3 Effects of Permafrost Thaw and Nutrient Availability on Plants ................................... 4
1.1.4 Variability in Plant Community Composition and Traits Across Geographic Scales .... 6
1.1.5 Relationship Between Plants and Ecosystem Function .................................................. 8
1.1.6 Effects of Warming and Permafrost Thaw on Ecosystem Carbon Fluxes ................... 10
1.2 Dissertation Objectives ....................................................................................................... 11
1.3 Dissertation Outline............................................................................................................. 12
1.3.1 Chapter 2 - Community-Level Traits Across Latitudes ............................................... 12
1.3.2 Chapter 3 – Community-Level Traits Along a Local Permafrost Gradient ................. 12
1.3.3 Chapter 4 – Community-Level Trait and Ecosystem C Flux Response to Fertilization
............................................................................................................................................... 13
1.3.4 Chapter 5 – General Discussion & Conclusions .......................................................... 14
1.4. References .......................................................................................................................... 15
Chapter 2. Local environmental gradients have greater influence on boreal plant community
composition and community-level traits than a large-scale climatic gradient .............................. 24
2.1 Abstract ............................................................................................................................... 24
2.1.1 Keywords ...................................................................................................................... 26
2.2 Introduction ......................................................................................................................... 26
2.3 Methods ............................................................................................................................... 30
2.3.1 Site Descriptions ........................................................................................................... 30
2.3.2 Sampling Design........................................................................................................... 34
2.3.3 Community Composition ............................................................................................. 35
v

2.3.4 Functional Traits ........................................................................................................... 36
2.3.5 Statistical Analyses ....................................................................................................... 38
2.3.5.1 Patterns of Plant Community Composition Among- and Within-Sites ................. 38
2.3.5.2 Patterns of Plant Functional Traits Among- and Within-Sites .............................. 39
2.3.5.3 Influence of Intra- and Interspecific Variation on Community-Level Traits ........ 40
2.4 Results ................................................................................................................................. 41
2.4.1 Patterns of Plant Community Composition Among- and Within-Sites ........................ 41
2.4.2 Patterns of Plant Functional Traits Among- and Within-Sites ..................................... 47
2.4.3 Influence of Intra- and Interspecific Variation on Community-Level Traits ............... 55
2.5 Discussion ........................................................................................................................... 59
2.5.1 Community-Level Traits Across Latitude Driven by Species Turnover ...................... 60
2.5.2 Intraspecific Variation Greater Among- Than Within-Sites ........................................ 63
2.5.3 Implications for Climate Change .................................................................................. 64
2.6 Acknowledgements ............................................................................................................. 65
2.7 References ........................................................................................................................... 66
2.8 Chapter 2: Supplementary Tables and Figures ................................................................... 71
2.8.1 Appendix 2.1. Site map ................................................................................................ 71
2.8.2 Appendix 2.2: Unscaled Community-Weighted Mean plots........................................ 72
2.8.3 Appendix 2.3: Species list and authorities.................................................................... 74
2.8.4 Appendix 2.4: Trait Probability Density (TPD) plots demonstrating intraspecific trait
variation among and within sites spanning the latitudinal extent of the western Canadian
boreal forest. .......................................................................................................................... 77
2.8.5 Appendix 2.5. Supplementary tables for statistical outputs. ........................................ 85
2.8.6 Appendix 2.6. Comparing Richness to CWM traits ..................................................... 89
2.8.7 Appendix 2.7: Environmental Variation Among- and Within-Sites ............................ 90
Chapter 3. Permafrost condition determines plant community composition and community-level
foliar functional traits in a boreal peatland ................................................................................... 93
3.1 Abstract ............................................................................................................................... 93
3.1.1 Keywords ...................................................................................................................... 94
3.2 Introduction ......................................................................................................................... 95
3.3 Methods ............................................................................................................................. 101
3.3.1 Site Description .......................................................................................................... 101
3.3.2 Community Composition ........................................................................................... 102
vi

3.3.3 Functional Traits ......................................................................................................... 103
3.3.4 Environmental Variables ............................................................................................ 104
3.3.5 Statistical Analysis ..................................................................................................... 105
3.4 Results ............................................................................................................................... 107
3.4.1 Community Composition ........................................................................................... 107
3.4.2 Community-level Plant Functional Traits .................................................................. 111
3.5 Discussion ......................................................................................................................... 117
3.5.1 Influence of active layer thickness on community composition and traits................. 117
3.5.2 Influence of other environmental variables on community composition and traits ... 119
3.5.3 Inter- vs. intraspecific variability................................................................................ 120
3.5.4 Implications of changing community traits for carbon cycling .................................. 121
3.5.5 Conclusions ................................................................................................................ 122
3.6 Acknowledgements ........................................................................................................... 123
3.7 References ......................................................................................................................... 123
3.8 Chapter 3 - Supplementary figures and tables .................................................................. 129
Chapter 4. Response of boreal plant communities and forest floor carbon fluxes to experimental
nutrient additions ........................................................................................................................ 134
4.1 Abstract ............................................................................................................................. 134
4.1.1 Keywords .................................................................................................................... 135
4.2 Introduction ....................................................................................................................... 135
4.3 Methods ............................................................................................................................. 141
4.3.1 Site Description .......................................................................................................... 141
4.3.2 Experimental Design .................................................................................................. 142
4.3.3 Data Collection ........................................................................................................... 143
4.3.3.1 Forest Floor C Flux .............................................................................................. 143
4.3.3.2 Community Composition ..................................................................................... 144
4.3.3.3 Plant Functional Traits ......................................................................................... 144
4.3.4 Statistical Analyses ..................................................................................................... 146
4.3.4.1 Response of plant communities to fertilization and local environmental variation
.......................................................................................................................................... 146
4.3.4.2 Response of forest floor C fluxes to fertilization and local environmental variation
.......................................................................................................................................... 148
4.3.4.3 Relationship between community-level traits and forest floor C fluxes.............. 148
vii

4.4 Results ............................................................................................................................... 148
4.4.1 Response of plant communities to fertilization and local environmental variation ... 148
4.4.2 Response of forest floor C fluxes to fertilization and local environmental variation. 160
4.4.3 Relationship between community-level traits and forest floor C fluxes .................... 162
4.5 Discussion ......................................................................................................................... 165
4.5.1 Response of plant communities to fertilization and local environmental variation ... 166
4.5.2 Relationship between community-level traits and forest floor C fluxes .................... 169
4.5.3 Response of forest floor C fluxes to fertilization ....................................................... 171
4.5.4 Conclusions ................................................................................................................ 172
4.6 Acknowledgments ............................................................................................................. 173
4.7 References ......................................................................................................................... 173
4.8 Chapter 4 – Supplementary figures and tables .................................................................. 182
4.8.1 Appendix 4.1: PCoA of community composition with raw site scores...................... 182
4.8.2 Appendix 4.2: Intraspecific variation plots ................................................................ 183
4.8.3 Appendix 4.3: ANOVA and LMER tables – one-factor ............................................ 188
4.8.4 Appendix 4.4: ANOVA and LMER tables – two-factor ............................................ 192
4.8.5 Appendix 4.5: PCA loadings ...................................................................................... 197
Chapter 5. General Discussion & Conclusions ........................................................................... 198
5.1 Introduction ....................................................................................................................... 198
5.2 Synthesis: Implications of Climate Warming & Permafrost Thaw on Peatland Function 201
5.2.1 Drivers of Community-Level Trait Change ............................................................... 201
5.2.2 Importance of Community Composition Shifts & Species Turnover ........................ 204
5.2.3 Implications for Peatland Function............................................................................. 206
5.3 Scaling up: quantifying contributions of understory plants to landscape-scale C fluxes.. 208
5.3.1 Upscaling Methods ..................................................................................................... 208
5.3.2 Results and Discussion ............................................................................................... 209
5.3.3 Assumptions and Caveats of the Upscaling Exercise ................................................. 212
5.4 Conclusions ....................................................................................................................... 214
5.5 References ......................................................................................................................... 215

viii

List of Figures
Fig. 2.1. Principal coordinates analysis of plant community composition among four sites
spanning the latitudinal extent of the western boreal forest of Canada. Displayed are site and
species scores of vascular plant community (A and C, respectively) and bryophytes (B and D,
respectively). Sites in the legend are ordered from northern to southern latitudes. Table 2.2
provides PERMANOVA results showing differences among- and within-sites. See Fig S2.1
(Appendix 2.1) for a map of sites and Table 2.1 for further details on each site. Vascular and
moss species abbreviations are defined in Table S2.1 and Table S2.2, respectively (Appendix
2.3). ............................................................................................................................................... 43

Fig. 2.2. Boxplots demonstrating the variation in species richness within- and among-sites
spanning the latitudinal extent of the Canadian boreal biome (A) and bar chart representing the
percent of variation in richness explained within- (grey) and among-site (black). Mean richness
values are denoted by coloured points in each boxplot and different letters represent significant
pairwise differences among sites. The x-axis is ordered from the most southern site (left) to the
most northern site (right). See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on
each site. ........................................................................................................................................ 46

Fig. 2.3. Univariate trait probability density (TPD) for mass-corrected foliar nitrogen (Nmass) of
seven common and abundant species (Betula glandulosa (A), Rubus chamaemorus (B),
Rhododendron groenlandicum (C), Vaccinium vitis-idaea (D), Dicranum undulatum (E),
Feathermoss (F), and Sphagnum spp. (G)) demonstrating intraspecific variation among- and
within-sites spanning the latitudinal extent of the western Canadian boreal biome. Note that the
x- and y-axis differ between vascular (A:D) and non-vascular species (E:G). Univariate trait
ix

probability density for all other measured traits are presented in Figs S2.4-S2.7 (Appendix 2.4).
See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on each site......................... 49

Fig. 2.4. Decomposition of intraspecific variation for seven common and abundant species
(Betula glandulosa (A), Rubus chamaemorus (B), Rhododendron groenlandicum (C), Vaccinium
vitis-idaea (D), Dicranum undulatum (E), Feathermoss (F), and Sphagnum spp. (G)) among(dark shades) and within-sites (light shades) spanning the latitudinal extent of the western
Canadian boreal forest. Greyscale represents mosses, whereas coloured plots represent vascular
plants with plant functional groups represented by specific colours: pink is deciduous shrubs
(Betula glandulosa), blue is forbs (Rubus chamaemorus), and green is evergreen shrubs
(Rhododendron groenlandiucm and Vaccinium vitis-idaea). ....................................................... 51

Fig. 2.5. Scaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), dark respiration rate (D), and specific leaf area (E) of vascular plant
communities across four sites spanning the latitudinal extent of the western Canadian boreal
biome. The x-axis is ordered from the most southerly site (left) to the most northerly site (right).
See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on each site, and Fig S2.2
(Appendix 2.2) for unscaled CWM traits. .................................................................................... 53

Fig. 2.6. Scaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), and dark respiration rate (D) of moss communities across four sites
spanning the latitudinal extent of the western Canadian boreal biome. The x-axis is ordered from
the most southerly site (left) to the most northerly site (right). See Fig S2.1 (Appendix 2.1) and

x

Table 2.1 for further information on each site, and Fig S2.3 (Appendix 2.2) for unscaled CWM
traits............................................................................................................................................... 54

Fig. 2.7. Contribution of intraspecific trait variability and species turnover to total variation in
vascular plant community-level traits, as well as variation in each model parameter (e.g.,
Among- and Within-site and Error) for community-weighted specific leaf area (SLA), and masscorrected dark respiration rate (Rmass), foliar nitrogen (Nmass), maximum photosynthetic rate
(Amass), and carbon to nitrogen ratio (C:N). Vertical black lines represent total variation for each
trait and for each parameter. The distance from the column to the line represents covariation of
intraspecific variation and compositional shifts. When the column exceeds the line, covariation is
negative. See Fig. 2.5 for among- and within-site variation in community-weight mean traits. .. 56

Fig. 2.8. Contribution of intraspecific variability and species turnover to total variation in moss
community-weighted mean traits, as well as variation in each model parameter (e.g., Amongand Within-site and Error), for community-weighted mass-corrected dark respiration rate (Rmass),
foliar nitrogen (Nmass), maximum photosynthetic rate (Amass), and carbon to nitrogen ratio (C:N).
Vertical black lines represent total variation for each trait and for each parameter. The distance
from the column to the line represents covariation of intraspecific variation and compositional
shifts. When the column exceeds the line, covariation is negative. See Fig. 2.6 for among- and
within-site variation in community-weight mean traits. ............................................................... 58

Fig. 3.1. Conceptual model of hypothesized connections, and main mechanisms and predictions,
between abiotic and biotic variables and their influence on community-level plant functional
traits of understory vegetation. Black and grey lines represent hypothesized positive and negative
xi

relationships, respectively. Predictions can occur because of intraspecific trait variability and/or
species turnover. ......................................................................................................................... 100
Fig. 3.2. Redundancy analysis of the effect of four environmental variables on understory plant
community composition across the Scotty Creek Forest Dynamics plot showing site scores and
environmental variables (A) and species scores (B). Black arrows and X’s represent scores of
continuous and categorical variables, respectively. OLT = organic layer thickness, ALT =active
layer thickness, Can. Cover = % canopy cover. Refer to Table S3.1 for species codes. ............ 110

Fig. 3.3. Interspecific (dashed grey line), intraspecific (coloured points), and within-plant
functional group (coloured bars) variability (as variance) of four leaf economic traits: masscorrected maximal photosynthetic rate (A), foliar nitrogen (B), dark respiration rate (C) and
specific leaf area (D) across the Scotty Creek Forest Dynamics plot. Species codes listed in Table
S3.1. ............................................................................................................................................ 112

Fig. 3.4. Boxplots showing variability within and differences among tree biomass categories for
community-weighted mean photosynthetic rate (A), foliar nitrogen (B), dark respiration rate (C),
and specific leaf area (D). Different letters denote significant (p < 0.05) differences between
categories. Bars are filled according to average active layer thickness (ALT) of that tree biomass
category. ...................................................................................................................................... 113

Fig. 3.5. Structural equation models demonstrating the influence of environmental variables
(black boxes) on community-level plant functional traits (grey boxes) as community-weighted
mean mass-corrected photosynthetic rate (A), foliar nitrogen (B), dark respiration rate (C), and
specific leaf area (D). Black and grey solid lines represent significant positive and negative
xii

relationships, respectively, dashed lines represent marginally (p < 0.10) significant pathways,
and non-significant pathways were removed (see Fig. 3.1 for hypothesized relationships).
Numbers associated with lines represent estimates for continuous and categorical variables.
Response and predictor variables were standardized to be on the same scale for ease of
interpretation. Fisher’s C statistic for each model was p = 0.264, meaning our model is a good
representation of the data and that no additional pathways would improve model results. ALT =
active layer thickness and OLT = organic layer thickness. ‘ p < 0.10, * p < 0.05, **p < 0.01,
***p < 0.001. .............................................................................................................................. 115

Fig. 3.6. Boxplots showing variability within and differences among active layer thickness
categories for community-weighted photosynthetic rate (A), foliar nitrogen (B), dark respiration
rate (C), and specific leaf area (D). Different letters denote significant (p < 0.05) differences
between categories. ..................................................................................................................... 116

Fig. 4.1. Variation among- and within-conditions at two sites differing in their aboveground tree
biomass for community-weighted mass-corrected foliar nitrogen (A), photosynthetic rate (B),
dark respiration rate (C), and specific leaf area (D) of the vascular plant community. Insets of
each panel demonstrate differences in CWM traits between the high and low sites and
significance is denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001).
Differences in letters for main plots represent significant pairwise differences in the condition
parameter. Treatments represent undisturbed controls (UC), disturbed controls (DC), shallow
nutrient fertilization (S; 20 cm), deep nutrient fertilization (D; 40 cm) and simultaneous shallow

xiii

+ deep fertilization (SD) replicated at each site. See Table S4.2-S4.3 (Appendix 4.3) for detailed
ANOVA table results. ................................................................................................................. 150

Fig. 4.2. Variation among- and within-conditions at two sites differing in their aboveground tree
biomass for community-weighted mass-based foliar nitrogen (A), photosynthetic rate (B), and
dark respiration rate (C) of the moss community. Insets of each panel demonstrate differences in
CWM traits between the sites and significance is denoted as n.s. (not significant), * (p < 0.05),
** (p <0.01) and ***(p < 0.001). Differences in letters for main plots represent significant
pairwise differences in the condition parameter. Treatments represent undisturbed controls (UC),
disturbed controls (DC), shallow nutrient fertilization (S; 20 cm), deep nutrient fertilization (D;
40 cm) and simultaneous shallow + deep fertilization (SD). Different letters denote significant
pairwise comparisons. See Table S4.2-S4.3 (Appendix 4.3) for detailed ANOVA table results.
..................................................................................................................................................... 152

Fig. 4.3. Principal coordinates analysis (PCoA) of plant community composition between two
sites differing in their aboveground tree biomass and among five different nutrient treatments.
Displayed are the centroids ± standard error of site scores for each treatment and species scores
of vascular plant community (A and C, respectively) and moss community (B and D,
respectively). See Fig S4.1 (Appendix 4.1) for raw sites scores, Table 4.1 for PERMANOVA
results, and Table S4.4 (Appendix 4.3) for beta dispersion results ............................................ 155

Fig. 4.4. Intraspecific trait variation of mass-based maximum photosynthetic rate among
conditions and between two sites differing in their aboveground biomass for four common
vascular species (R. groenlandicum (A), V. vitis-idaea (B), B. gladulosa (C), and R.
xiv

chamaemorus (D)) and two moss groups (Feathermoss (E) and Sphagnum spp. (F)). Insets of
each panel demonstrate differences in traits between the high and low sites and significance is
denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001). Statistics of the
one-factor ANOVA are included in each main panel and when significant, pairwise differences
are denoted by differing letters. If no pairwise differences were found, we excluded the letters.
See Table S4.5-S4.6 (Appendix 4.3) for full ANOVA details. Note the scale of the y-axis differs
for the vascular and moss species. .............................................................................................. 158

Fig. 4.5. Variation among- and within-conditions between two sites differing in their
aboveground tree biomass for methane flux (A), net ecosystem exchange (B), ecosystem
respiration (C), and gross primary productivity (D). Insets of each panel demonstrate differences
in C fluxes between the high and low sites and significance is denoted as n.s. (not significant), *
(p < 0.05), ** (p <0.01) and ***(p < 0.001). Pairwise differences between conditions were not
significant despite significant main effects for NEE and GPP. Treatments represent undisturbed
controls (UC), disturbed controls (DC), shallow nutrient fertilization (S; 20 cm), deep nutrient
fertilization (D; 40 cm) and simultaneous shallow and deep fertilization (SD). See for Table
S4.7-S4.8 (Appendix 4.3) for complete LME table results. ....................................................... 161

Fig. 4.6. Principal components analysis (PCA) demonstrating relationships between forest floor
C fluxes and community-level traits among the centroids (± standard error) of five nutrient
treatments at two sites differing in aboveground tree biomass. Forest floor C fluxes include
methane (CH4) flux, net ecosystem exchange (NEE), gross primary productivity (GPP), and
environmental respiration (ER). Community-level traits for both moss and vascular species
include foliar nitrogen (Nmass), mass-corrected dark respiration rate (Rmass) and photosynthetic
xv

rate (Amass), as well as specific leaf area (SLA) for vascular species only. See Table S4.14
(Appendix 4.5) for loadings of each variable for PC1 and PC2. ................................................ 164

Fig. 5.1. Conceptual diagram summarizing and synthesizing the key findings of my dissertation
research (Chapters 2-4) and discussed thoroughly in section 5.2. Solid lines refer to relationships
supported directly or indirectly by my data whereas dashed lines refer to important, hypothesized
relationships that cannot be confirmed with my data. The simplified diagram (B) shows the
general pattern seen repeatedly through my chapters: local environmental gradients influence
species composition leading to changes in community-level foliar functional traits which in turn
will drive changes in ecosystem function. The detailed diagram (A) demonstrates the
environmental variables determined to be important throughout my dissertation and their
influences on both understory vascular and moss community composition and community-level
traits. Note that the climatic gradient explored in Chapter 2 did not have as strong of an influence
on community composition and community-level traits as local environmental gradients. As
such, this relationship was left off the diagram. ALT = active layer thickness; OLT = organic
layer thickness. ............................................................................................................................ 200

xvi

List of Tables
Table 2.1. Characteristics of four sampling sites spanning the latitudinal extent of the western
Canadian boreal forest, including site abbreviation, coordinates, ecozone, extent of underlying
permafrost, mean annual air temperature (MAAT) and precipitation (MAP) between 1981-2010,
and dominant vegetation as canopy cover (a), understory vascular species (b), and groundcover
(bryophytes and/or lichen (c). MAAT and MAP data available from:
https://climate.weather.gc.ca/climate_normals/. See Fig S2.1 (Appendix 2.1) for map of study
sites. .............................................................................................................................................. 32

Table 2.2. Results of PERMANOVA exploring differences both among- and within-sites of the
dissimilarity matrices used to conduct the Principal Coordinates Analysis (PCoA) in Fig. 2.1 for
the two plant functional groups of interest: vascular species and bryophytes. Significant p-values
(p < 0.05) are noted in bold font. .................................................................................................. 44

Table 4.1. Results of PERMANOVA using the dissimilarity matrices used to conduct the
Principal Coordinates Analysis (PCoA) in Fig. 4.3 for the vascular and moss communities.
Results of beta dispersion test to coincide with PERMANOVA are found in Table S4.4
(Appendix 4.3). Significant p-values (p < 0.05) are bolded. ...................................................... 156

xvii

Chapter 1. General Introduction
1.1 Literature Review
1.1.1 Effects of Climate Warming in the Boreal Biome
Climate warming is accelerated at high latitudes globally, with air temperatures
increasing at three or more times the global average (IPCC 2018). The increase in air and soil
temperature and associated widespread permafrost thaw (Oldefeldt et al. 2016; Biskaborn et al.
2019) is expected to lead to a large efflux of carbon (C) to the atmosphere across boreal systems.
For example, Hanson et al. (2020) demonstrate that in an experimentally warmed peatland,
acceleration of C loss due to warming – as both methane (CH4) and carbon dioxide (CO2) – far
exceeded C gain from increased plant productivity, demonstrating that warming peatlands will
become net C sources to the atmosphere in future climate scenarios. Similarly, CH4 emissions
from peatlands have been shown to increase 20-30% in warmer compared to cooler years
(Helbig et al. 2017). In addition, both abrupt and gradual permafrost thaw is expected to lead to
increased release of C to the atmosphere as both CO2 and CH4 (Turetsky et al. 2019). Since CH4
is a greenhouse gas 23 times more potent than CO2 (IPCC 2001), a substantial increase in CH4
fluxes with climate warming and permafrost thaw, combined with the increased release of CO2
through decomposition, would result in a strong, positive feedback to climate change.
In addition to changes in C cycling, climate warming is expected to alter the structure and
function of the boreal biome, but these changes will depend in part on geographic location.
Specifically, the permafrost-free southern limit of the western Canadian boreal biome is
currently experiencing productivity declines (Goetz et al. 2005; Sulla-Menashe et al. 2018)
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likely as a result of drought, a pattern that is expected to continue with ongoing warming (Lucht
et al. 2006; Boulanger et al. 2017). In contrast, within large areas of the zone of discontinuous
permafrost, warming-induced permafrost thaw is leading to ground subsidence and water
impoundment in low-lying areas (i.e., thermokarst; Woo 1990), which is ultimately leading to
the conversion of forests to wetlands (Camill et al. 2001; Camill 2005; Baltzer et al. 2014).
Lastly, within the continuous permafrost zone at the northern extent of the boreal biome there is
evidence of increased productivity (Goetz et al. 2005; Beck et al. 2011; Frost and Epstein 2014;
Lantz et al. 2019) and, in some sites, treeline expansion (Payette 2007; Dufour-Tremblay et al.
2012; Rees et al. 2020) into arctic tundra and subarctic woodlands as well as increased growth
trends of individuals at the treeline (Wilmking et al. 2004; Hellman et al. 2016; Sniderhan et al.
2021); projections suggest that these trends will continue with climate warming (Lucht et al.
2006; Harsch et al. 2009). In addition to these landscape-scale changes in forest productivity
within the boreal biome, there are also local-scale changes in environmental conditions, such as
nutrient and light availability, that may mediate the responses of boreal structure and function
within and across latitudes.
Amplified climate warming in the northern regions of Canada may also alter local
nutrient dynamics. For example, warming soil temperature and permafrost thaw are expected to
increase nitrogen (N) availability in the soil through two main mechanisms: release of
temperature constraints on microbial mineralization of organically bound nutrients (Weintraub
and Schimel 2003; Keuper et al. 2012) and the release of a previously frozen nutrient pool to the
active (seasonally thawed) soil layer (Keuper et al. 2012; Finger et al. 2016). In addition,
increasing air temperatures will lead to increased root turnover rates (Yuan and Chen 2010) and
N fixation rates of symbiotic cyanobacteria with some moss species (Markham 2009).
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Combined, these increases in nutrient availability in this historically nutrient-limited
environment (Bonan and Shugart 1989; Hobbie et al. 2002) have the potential to substantially
influence plant productivity – both of the canopy and understory – in this region.
1.1.2 Global Importance of Boreal Peatlands
The boreal biome is the second largest forest type globally and covers approximately
28% of North America (Brandt et al. 2013). Peatlands, defined as ecosystems with greater than
40 cm of organic soil often composed of Sphagnum mosses (National Wetlands Working Group
1997), occupy about ~15% of the boreal biome (Xu et al. 2018; Helbig et al. 2020). Importantly,
boreal peatlands store roughly 25-50% of terrestrial C (Wieder et al. 2006; Tarnocai et al. 2009;
Rydin and Jeglum 2013), of which about 80-90% is stored belowground (Walker et al. 2020) and
30-45% is found in permafrost soil (defined as perennially frozen ground; Jorgenson et al. 2006)
(Kurz et al. 2013; Hugelius et al. 2020). One important reason for this high C storage is that soils
in peatlands are cold and wet, often leading to anaerobic conditions and temperature limitations
of microbial process. Ultimately, these conditions slow the decomposition of plant litter and
promote the accumulation of deep organic soils (i.e., peat; Moore and Basiliko 2006). Another
important driver of C accumulation is the composition of plant litter in peatlands: peat is often
composed of Sphagnum mosses, which are termed “ecosystem engineers” and have many
distinct features that lead to C accumulation. Sphagnum spp. create and maintain saturated and
often anoxic conditions via the unique water-storage system of their tissues, produce uronic acids
which lower the pH of their surroundings, and contain phenolic compounds, all of which will
hinder decomposition of plant litter and lead to accumulation of deep peat layers (Moore and
Basiliko 2006; Rydin et al. 2006). Finally, the presence of permafrost in about two thirds of the
boreal biome (Kurz et al. 2013) leads to C accumulation because frozen soils completely prevent
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decomposition of plant material (Vardy et al. 2000). However, these environmental constraints
on decomposition in boreal peatlands will be relaxed with widespread increases in soil
temperature and permafrost thaw (Oldefeldt et al. 2016; Biskaborn et al. 2019). As such,
warming boreal peatlands have the potential to release substantial quantities of C (as CO2 and
CH4) to the atmosphere (e.g., Turetsky et al. 2019), and in permafrost peatlands, are projected to
lose a total of 2 to 6 Pg C (1-3% of peatland permafrost C) following permafrost thaw (Hugelius
et al. 2020).
1.1.3 Effects of Permafrost Thaw and Nutrient Availability on Plants
Increases in nutrient availability with permafrost thaw and soil warming (Keuper et al.
2012; Finger et al. 2015; Salmon et al. 2016) are expected to increase plant growth, and lead to
shifts in plant species composition toward those better able to quickly access and assimilate
newly available nutrients (e.g., Keuper et al. 2017). Long-term surficial nutrient addition
experiments have shown changes in plant biomass and community composition with nutrient
fertilization (e.g., Press et al. 1998; Shaver et al. 2001; Haugwitz and Michelsen 2011). For
example, Haugwitz and Michelsen (2011) demonstrated that after 10-years of surficial
fertilization in sub-arctic Sweden, aboveground biomass significantly increased for graminoids
and bryophytes, and not for evergreen shrub species, suggesting a switch from shrub to
graminoid dominance with increasing nutrient availability. These shifts in biomass and
community composition with surficial nutrient additions are fairly well documented across
boreal, tundra, and subarctic ecosystems and reflect responses to atmospheric N-deposition.
However, relatively few studies have characterized direct plant responses to belowground
fertilization in high latitudes (but see Keuper et al. 2017; Wang et al. 2017; Hewitt et al. 2019),
which reflect warming-related changes in the soil environment.
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Greater nutrient availability at depth following soil temperature increases and permafrost
thaw has been shown to have direct effects on plant communities. In a short-term nutrient
experiment, Keuper et al. (2017) found that belowground fertilization led to increases in
aboveground biomass and percent cover of the boreal forb Rubus chamaemorus with strongest
response to the deep fertilization treatment (i.e., fertilization near the frost table), suggesting that
this species was able to access nutrients at depth more effectively than other co-occurring
species. Though they did not assess differences in plant productivity following N enrichment,
Hewitt et al. (2019) also demonstrated that Rubus chamaemorus could access nutrients near the
frost table, and their data suggested that shrubs such as Betula nana, Rhododendron tomentosum,
and Vaccinium vitis‐idaea could access deep N pools through mycorrhizal symbionts. Thus, in
the long term these species may be favoured compared to those not able to access new N pools
from thawing permafrost. Lastly, Wang et al. (2017) demonstrated an increase in vascular plant
biomass and simultaneous decreases in bryophyte and lichen biomass with fertilization at 5 cm
depth in the Siberian tundra. Similar results have been found with ecosystem warming
experiments, which indirectly influence nutrient availability in the soil profile through increased
microbial mineralization (e.g., Starr et al. 2008; Hudson et al. 2011; Baruah et al. 2017). Such
shifts in community composition with increased nutrient availability will influence ecosystem C
fluxes, mainly through changes in plant functional traits that coincide with species turnover.
Plant functional traits are defined by Reich et al. (2003) as any characteristic
(morphological, physiological, or phenological) that may influence establishment, survival, and
fitness of an individual, species, or community and fall along a gradient of fast to slow strategies
dependent on resource conditions to which a species is adapted (Reich 2014). Generally, fast
traits related to C economics and plant productivity such as short leaf longevity, high
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photosynthetic rate, and high foliar N support fast growth, increased plant productivity, and
enhanced competitive ability; traits that are highly beneficial in resource-rich environments. At
the other end of the spectrum, slow traits like long leaf lifespan and lower photosynthetic rates
equate to low productivity and conservative resource use with investment in longer-lived, well
protected tissues; traits that result in slow growth with the benefit of enhanced tolerance of
resource limitation and other stressors and, ultimately, enhanced survival in harsh conditions.
Because plants are dependent on water, light, and nutrient availability (e.g., Chapin et al. 1987,
Galmes et al. 2005), changes in availability of these resources will influence trait values.
Although variation in plants traits across environmental and climatic conditions is generally well
recognized, plant trait data across the boreal biome of western Canada are sparse (Kattge et al.
2019). This data gap limits our ability to predict responses of boreal peatland ecosystem
function, notably C fluxes, to climate-induced ecosystem changes such as permafrost thaw.
1.1.4 Variability in Plant Community Composition and Traits Across Geographic Scales
With increasing latitude and concurrent changes in climatic conditions, plant traits
relating to C uptake shift toward more conservative values as a result of species turnover
(interspecific trait variation; Wright et al. 2004; Wright et al. 2017) but also due to withinspecies variation (intraspecific trait variation; Oleksyn et al. 2003; Pensa et al. 2010; Reich et al.
2014). Thus, across the boreal biome which spans a broad latitudinal and climatic gradient
(approximately 10°C and 650 mm of precipitation; Price et al. 2013), we may expect to see more
resource conservative functional traits as a result of species turnover and/or plastic trait
responses and ecotypic divergence (where populations of the same species have differing suites
of locally adapted traits). Indeed, a common garden study demonstrated that black spruce
seedlings from sites spanning the latitudinal extent of the western Canadian boreal biome grew
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more slowly with increasing latitude of seed source, suggesting that the suite of traits employed
by populations across latitudinal gradients may vary (i.e., ecotypic divergence) (Sniderhan et al.
2018). Similarly, leaf lifespan and leaf mass area decreased, and foliar N increased with
increasing mean annual temperature for several boreal species (Pensa et al. 2010; Reich et al.
2014). Importantly, these studies of growth and physiological traits of boreal species help
untangle the influence of ecotypic divergence and intraspecific variability in plant traits across
broad latitudinal and climatic gradients; however, they are limited to those species that cover
large latitudinal ranges and do not capture species turnover, which is incredibly important in
determining functional traits of the entire understory plant community (henceforth, communitylevel traits) (e.g., Cornwell and Ackerly 2009; Roos et al. 2019). Indeed, owing to increasing
climatic harshness with latitude across the boreal biome (e.g., Price et al. 2013), we may expect
to see a shift in community composition (e.g., Albert et al. 2011; Siefert et al. 2014; but see
Marshall and Baltzer 2015), which in turn would drive changes in traits across this region. In
addition to these patterns of plant trait and community composition variability across broad
climatic gradients, local-scale variation in environmental characteristics can drive changes in
traits (e.g., Bruschi et al. 2003; Kumordzi et al. 2019; Standen and Baltzer 2021) and species
turnover (e.g., Cornwell and Ackerly 2009).
Plant community composition and traits related to plant productivity are dependent on
environmental conditions such as water, light, and nutrient availability (e.g., Chapin et al. 1987;
Galmes et al. 2005; Cornwell and Ackerly 2009). As such, environmental gradients at local
scales will lead to inter- and intraspecific trait changes. For example, the boreal ericaceous shrub
Rhododendron groenlandicum demonstrated increased photosynthetic rates in response to
increased light availability following canopy harvest (Hébert et al. 2010). In addition, N
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fertilization drives larger leaf area (Karlsson 1985; Paquin et al. 1998), greater foliar N (Shaver
and Chapin 1980; Johnsen 1993; Baddeley et al. 1994; Paquin et al. 1998; Bubier et al. 2011;
Keuper et al. 2017), and higher photosynthetic rates (Johnsen 1993; Baddeley et al. 1994) in
several boreal and tundra taxa suggesting that changing nutrient conditions with climate warming
will alter plant traits in these regions. For species turnover, Cornwell and Ackerley (2009)
demonstrated that community composition switched along a local gradient in soil moisture in
Jasper Ridge Biological Preserve in California, USA (Cornwell and Ackerly 2009). Taken
together, these studies demonstrate that changing environmental conditions at local scales can
drive species turnover as well as intraspecific trait variation and suggest that changes in
environmental conditions with climate warming may drive changes in community-level traits.
In addition to the influences of species turnover and intraspecific trait variability (Lepš et
al. 2011), community-level traits can also be related to ecosystem C fluxes (e.g., Reich 2012). As
such, changes in traits through either trait plasticity or ecotypic divergence of dominant species
and/or species turnover along climatic and local environmental gradients may lead to changes in
ecosystem function of boreal peatlands. Since there is little information on community-level
traits across the boreal biome, it is unclear what the future of C fluxes will look like in this
region. Thus, it is important to untangle the influence of each component of community-level
traits in the face of rapidly changing climate to better understand how climate-induced
environmental change may influence ecosystem function of boreal peatlands.
1.1.5 Relationship Between Plants and Ecosystem Function
Plants – both vascular and non-vascular (mainly moss) – are important components of
ecosystem function in boreal peatlands. However, these components do not contribute equally. In
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a Canadian boreal peatland, trees were found to account for only 1-2% of evapotranspirative
fluxes (Warren et al. 2018), suggesting that, at least in boreal peatlands, understory plants are
important in mediating water, and by association, carbon fluxes. Indeed, moss and understory
productivity has been found to contribute up to 51% of net primary productivity (NPP) in boreal
forests where the ground cover is dominated by Sphagnum mosses (O’Connell et al. 2003a).
Likewise, in boreal peatlands of Switzerland, Gavazov et al. (2018) found that presence of
vascular species (i.e., low-lying shrubs, graminoids, forbs) led to greater ecosystem CO2 uptake
compared to areas with only moss cover. That being said, they found that these vascular species
also promoted increased ecosystem respiration (i.e., CO2 release) attributable to the priming
effect, where vascular species provide labile C to the rhizosphere thereby promoting microbial
decomposition (Gavazov et al. 2018). Mosses are also important in mediating ecosystem
function. For example, Turetsky et al. (2010) found that moss, particularly Sphagnum spp., can
account for up to 50% of NPP in peatlands. Another important aspect is the contribution of plant
community composition to ecosystem function. For example, Kolari et al. (2006) found that
ecosystem C fluxes varied in response to the dominant understory vegetation, where patches of
the deciduous ericaceous shrub Vaccinium myrtillus had greater gross primary productivity
(GPP) than those of the evergreen ericaceous shrubs V. vitis-idaea and Calluna vulgaris.
Similarly, moss community composition can alter ecosystem C fluxes: heterotrophic and soilsurface respiration have both been shown to be greater when the forest floor is dominated by
feathermoss compared to Sphagnum mosses in boreal forests (O’Connell et al. 2003b). As such,
ecosystem fluxes of boreal systems are mediated by understory – both vascular and non-vascular
– communities. Importantly, the increase in nutrient availability with permafrost thaw and
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climate warming discussed earlier has the potential to alter plant community composition and
may thus impact ecosystem function of boreal peatlands.
1.1.6 Effects of Warming and Permafrost Thaw on Ecosystem Carbon Fluxes
Climate warming, with the associated changes in permafrost conditions and nutrient
availability, is expected to alter ecosystem C fluxes in the north, which is an important problem
because the boreal forest stores 30-40% terrestrial carbon globally (Gorham 1991; Tarnocai et al.
2009; Pan et al. 2011). However, studies of changes in ecosystem C fluxes in response to
permafrost thaw, warming, and nutrient increases in high latitude systems have shown
inconsistent results. For example, warming and permafrost thaw in Alaska increased ecosystem
C uptake during the growing season but lead to an overall C loss from the system due to
increased winter respiration (Natali et al. 2014). Surficial fertilization experiments in peatlands
have shown no change (Juutinen et al. 2010) or a decrease in net CO2 exchange (Bubier et al.
2007) with nutrient addition. Experimental warming studies, which indirectly influence soil
nutrient availability, also show ambiguous results: no net change in ecosystem C exchange
(Hobbie and Chapin 1998) and increased annual CO2 loss (Natali et al. 2011) with air
temperature increases. Importantly, these C flux responses were attributed in part to changes in
plant community composition or foliar functional traits, demonstrating the importance of plants
in mediating ecosystem C fluxes. Given the importance of plants in mediating fluxes, a coupled
understanding of community-level traits and ecosystem C fluxes to climate-warming and
associated permafrost thaw in the boreal biome is crucial to better understanding the direction of
climate feedbacks from this system.
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1.2 Dissertation Objectives
To better understand changes in ecosystem function in the western Canadian boreal
biome in the face of a rapidly changing climate, I have employed plant community- and traitbased approaches to achieve three main objectives across three data chapters:
1. In Chapter 2, I explore understory (both moss and vascular plants) community
composition and community-level foliar functional trait variation among- and withinfour boreal peatland sites dominated by black spruce spanning a broad climatic
gradient of 15° of latitude (~2000 km).
2. In Chapter 3, I aim to understand the implications of permafrost thaw-induced
environmental changes on vascular plant community composition and foliar
functional traits along a gradient in aboveground tree biomass and active layer
thickness at a boreal peatland site experiencing rapid and accelerating permafrost
thaw.
3. In Chapter 4, I conducted an experiment to understand how understory plant
community composition (both vascular and moss) and foliar functional traits mediate
ecosystem C dynamics following increased nutrient availability at depth with soil
warming and permafrost thaw and whether these responses differ between two sites
differing in aboveground tree biomass and, thus, canopy density.
Through these three objectives, we gain a better understanding of how plant community
composition and functional traits at multiple scales will be altered with climate warming and
associated changes in edaphic conditions, and better inform predictive modeling on changes in
ecosystem function in boreal peatlands of western Canada.
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1.3 Dissertation Outline
1.3.1 Chapter 2 - Community-Level Traits Across Latitudes
Standen, K.M., & Baltzer, J.L. (in prep.) Local environmental gradients have greater influence
on boreal plant community composition and community-level traits than a large-scale climatic
gradient. New Phytologist.
We collected plant community composition and functional trait data at four sites
spanning the latitudinal extent of the boreal biome in northern Canada to characterize changes in
community-level traits of understory vascular and moss species. In general, community-level
traits of vascular and moss species were largely consistent across latitude and community
compositional shifts were important in driving variation of community-level traits. Interestingly,
within-site variation in community-level traits and community composition was greater
compared to among-site variation, suggesting that local environmental gradients were more
important in driving plant community composition and traits than the large-scale climatic
gradient. Combined, our data suggest that where environmental change within sites results in
compositional shifts that community-level traits may be affected. These shifts are currently
happening locally through processes such as permafrost thaw but could occur at larger scales if
species ranges are altered by warming and associated processes.
1.3.2 Chapter 3 – Community-Level Traits Along a Local Permafrost Gradient

Standen, K.M. & Baltzer, J.L. (2021). Permafrost condition determines plant community
composition and community-level foliar functional traits in a boreal peatland. Ecol. Evol., 11,
10133–10146.
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We collected vascular plant community composition and foliar functional trait data along
gradients in aboveground tree biomass and active layer thickness in a rapidly thawing boreal
peatland. We aimed to determine whether community-level traits vary across these gradients, and
whether these changes are dominated by intraspecific trait variation and/or species turnover. We
showed that variability in community-level traits was largely attributable to species turnover and
that both community composition and traits were predominantly driven by active layer thickness:
thicker active layers shifted community composition from slower-growing evergreen shrubs to
faster-growing graminoids and forbs with a corresponding shift toward more productive trait
values. The results from this rapidly thawing peatland suggest that continued warming-induced
permafrost thaw and thermokarst development alter plant community composition and
community-level traits, and thus ecosystem productivity. Increased productivity may help to
mitigate anticipated CO2 efflux from thawing permafrost, at least in the short term, though this
response may be overwhelmed by increased CH4 release anticipated with thermokarst.
1.3.3 Chapter 4 – Community-Level Trait and Ecosystem C Flux Response to Fertilization
Standen, K.M., Sonnentag, O., Voigt, C., & Baltzer, J.L. (in prep). Response of boreal plant
communities and forest floor carbon fluxes to experimental nutrient additions. Journal to be
determined.
We conducted an experiment at two sites differing in aboveground tree biomass in a
boreal peatland to emulate nutrient increases following climate warming and permafrost thaw.
To do this, we added fertilizer to soil in five different treatments: shallow (20 cm), deep (40 cm),
both shallow and deep, disturbed control, and undisturbed control. We monitored the response of
forest floor carbon fluxes and community-level foliar functional traits for both moss and vascular
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plant communities to better understand how plant communities may influence carbon fluxes in
response to fertilization. We demonstrated rapid responses of vascular plant community-level
traits and carbon fluxes to shallow fertilization, but only at the low aboveground biomass site
with lower canopy density and thus greater light availability. In addition, we found that moss
community-level traits were more important for mediating carbon flux response to nutrient
fertilization than vascular plants, which had a minor influence. However, our results suggested
that these changes in traits and plant communities with fertilization may not alter overall carbon
sink/source dynamics of peatlands in the near term.
1.3.4 Chapter 5 – General Discussion & Conclusions
In the concluding chapter of my dissertation, I summarized and synthesized the results of
all three data chapters and discussed the implications of these results for overall peatland
function. In addition, I conducted a simple analysis to determine rough estimates of the
contributions of understory vascular and moss communities on raised, permafrost plateaus to
landscape-scale carbon fluxes at Scotty Creek, NT. Through this analysis, I found that understory
plants contributed substantially to landscape-scale carbon fluxes: 47-61% and 28-35% to gross
primary productivity and ecosystem respiration, respectively. Thus, in combination with the
results of my data chapters, my dissertation research suggests that changes in understory
community composition with climate-warming and permafrost thaw may have a reasonably large
influence on landscape-scale CO2 fluxes, though these signals may be overwhelmed by increases
in C loss through warming and subsequent thermokarst.
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2.1 Abstract
1. The decrease in species richness with latitude is a well described pattern globally and is
linked to increasing climatic harshness, but this trend has been shown to be reversed
within a biome or across a continent. Since species richness has been linked to plant
functional traits of the whole community (i.e., community-level traits), an increase in
richness with latitude could lead to increasing plant productivity rather than the decreases
expected with climatic harshness. In boreal peatlands of northern Canada, tree
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productivity can account for ~1% of ecosystem evapotranspiration and moss make up
50% of net primary productivity, highlighting the importance of understory plants in
peatland ecosystem function. However, plant trait data are sparse in this region, thus
limiting our understanding of the influence of understory plants on ecosystem function
and the ability to model projections of ecosystem function with ongoing climate change.
2. We collected plant community composition and functional trait data at four sites
spanning the latitudinal extent of the boreal biome in northern Canada to characterize
changes in community-level traits of understory vascular and moss species. We expected
that increasing climatic harshness with latitude among our sites would decrease plant
productivity. However, given the known reverse latitudinal gradient of richness in this
region, community-level traits may actually increase.
3. In general, community-level traits of vascular and moss species did not follow either
expected pattern and were largely consistent across latitude. In addition, community
compositional shifts were implicated as important in driving variation of communitylevel traits. Indeed, within-site variation of community-level traits and community
composition was greater than that of among-site variation, suggesting that local
environmental gradients were more important in driving plant community composition
and traits than the large-scale climatic gradient.
4. Combined, our data suggest that where environmental change results in marked
compositional shifts that community-level traits, and thus ecosystem function, may be
affected. These shifts are currently happening locally through processes such as
permafrost thaw and may lead to changes in ecosystem function.
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2.2 Introduction
The global decrease in species richness with increasing latitude is one of the best
described patterns in biogeography (e.g., Hillebrand 2004; Kinlock et al. 2018). This general
pattern is thought to be related to differences in energy input and climate conditions with
increasing latitude: broadly, mean annual air temperature (MAAT) and precipitation (MAP) (de
Frenne et al. 2013) and growing season length decrease, and seasonality increases (Pau et al.
2011). For example, decreases in temperature with increasing latitude have been linked to
decreases in tree species richness (Chu et al. 2018) as well as gross and net primary production
(GPP and NPP, respectively) in forests (Luyssaert et al. 2007). Latitudinal gradients have also
been demonstrated for other plant processes, including intra- and interspecific plant functional
trait variation (e.g., Reich and Oleksyn 2004; Moles et al. 2007, 2009) and tree functional
diversity (Lamanna et al. 2014). Given the harsher climatic conditions with higher latitude and
the associated decreased values of plant traits such as seed size and height (e.g., Moles et al.
2007, 2009) and species richness (e.g., Kinlock et al. 2018), we expect that plant functional traits
of the whole community (i.e., community-level traits) relating to plant productivity should also
decrease with latitude, which has been demonstrated for specific leaf area (SLA) across North
America (Hulshof et al. 2013). However, these global trends in plant processes do not always
hold true at smaller geographic scales making it a challenge to translate global patterns to biome
or regional scales.
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Reverse latitudinal gradients of species richness and other plant processes have been
reported within smaller geographic regions such as within a biome or across a continent. In fact,
a meta-analysis of latitudinal gradient studies from 2003-2015 found about 25% had positive
relationships between species richness and latitude (Kinlock et al. 2018). For example, Marshall
and Baltzer (2015) demonstrated increasing understory plant richness with latitude in the boreal
biome of western Canada attributed to temperature-related decreases in canopy cover that
resulted in greater light availability on the forest floor. Species richness of vascular plants also
increased with altitude in the Tibetan plateau (Shimono et al. 2010) and for bryophytes
latitudinally across Europe (Mateo et al. 2016). There is evidence that both community-level
traits and plant functional diversity are linked to species richness (e.g., Violle et al. 2011;
Lamanna et al. 2014; Li et al. 2017), which suggests that where reverse latitudinal or altitudinal
gradients in richness are present, we could expect a corresponding increase in plant community
productivity. Indeed, Roos et al. (2019) found an increase in community-level SLA with
elevation in alpine Norway. However, given the abovementioned decreases in energy and
growing season length with latitude, it is also possible that plant community richness and
productivity become uncoupled across latitudinal gradients and, as such, community-level traits
relating to productivity may become more conservative (i.e., lower foliar nitrogen, specific leaf
area, and photosynthetic and respiration rates; Reich 2014) with increasing latitude.
Community-level trait variation across geographic scales is linked to NPP of a system
(Reich 2012) and thus ecosystem function and is driven by changes in inter- and/or intraspecific
trait variation. Interspecific variation occurs because of species turnover in response to climatic
or geomorphic gradients at larger geographic scales (e.g., Moles et al. 2007, 2009; Reich and
Oleksyn 2004) or due to heterogeneity in resource availability at smaller scales (e.g., Violle et al.
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2011; Kichenin et al. 2013; Standen and Baltzer 2021). Intraspecific variation also occurs at both
scales but is attributable to ecotypic divergence across large-scale gradients (e.g., Hirao et al.
2019) and reflects plastic responses to environmental gradients such as nutrient and light
availability at smaller scales (e.g., Hébert et al. 2010; Kumordzi et al. 2019); however,
intraspecific trait variation tends to be more important at smaller spatial scales and saturate at
larger spatial scales (Albert et al. 2011). Interestingly, intraspecific variation differs across local
and regional gradients depending on the plant functional group considered (e.g., Thomas et al.
2018; Standen and Baltzer 2021). For example, Standen and Baltzer (2021) demonstrated that
across a local gradient in aboveground tree biomass and active (seasonally-thawed) layer
thickness in a boreal peatland, intraspecific variation in productivity-related foliar traits was
greater in herbaceous and deciduous shrub species compared to evergreen trees and shrubs.
However, these trait data are sparse in high latitude systems such as the boreal peatlands of
northern Canada (Kattge et al. 2019), which limits our understanding of how community-level
traits, and, consequently, ecosystem function, across this biome may change in response to rapid
environmental change.
In boreal peatlands, tree productivity may account for a small fraction of ecosystem
function, highlighting the importance of understory plant communities in these processes.
Indeed, in a boreal peatland site dominated by black spruce, transpiration of the overstory
accounted for only 1-2% of ecosystem evapotranspirative fluxes (Warren et al. 2018). In
contrast, mosses (especially Sphagnum species) can represent up to 50% of total ecosystem NPP
in peatlands (Turetsky et al. 2010). Similarly, the understory community in boreal stands
dominated by pine and aspen was found to contribute as much as 12% of GPP and up to 61% of
ecosystem respiration, though this study did not partition soil fluxes from understory plants

28

(Mission et al. 2007). Given the paucity of trait data in the Canadian boreal biome (Kattge et al.
2019) and the known link between community-level traits and ecosystem function (Reich 2012),
it is critical to understand the inter- and intraspecific trait variation across both local- and
regional-scales for boreal understory communities as these groups may represent a substantial
portion of overall boreal peatland ecosystem function (e.g., Turetsky et al. 2010; Warren et al.
2018).
To better understand understory community-level trait variation, and thus ecosystem
function, across local and regional scales in the understudied boreal biome of northern Canada,
we chose four boreal peatland sites dominated by black spruce spanning approximately 15° of
latitude (~2000 km). For both understory moss and vascular plants, we asked three main
questions.
1. What are the differences in plant community composition and species richness withinand among-sites? We predict that more productive species will be more abundant at
lower latitudes and that more conservative species will be more abundant at higher
latitudes. In addition, we expect substantial community compositional variation withinsite due to the diverse habitats sampled. Richness is expected to follow a reverse
latitudinal gradient as per Marshall and Baltzer (2015).
2. For widespread and common species, how variable are productivity-related functional
traits and, at the community level, how variable are community-weighted mean traits
within- and among-site? The traits considered relate to plant productivity and we predict
that trait values for a given species or community will be more productive at lower
latitudes and more conservative at higher latitudes due to increasing climate harshness.
Conversely, the opposite may be expected as community-level traits and functional
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diversity are positively related to species richness. As such, with the previously
documented reverse latitudinal gradient in richness that is associated with greater canopy
openness and, presumably, light availability in this region, we may expect an increase in
community-level traits with latitude. In addition, we expect substantial trait variation
within-site due to the diverse habitats sampled.
3. Is intraspecific variation and/or species turnover (i.e., interspecific variation) driving
community-level traits within- and among-sites? We predict that intraspecific variation
will be more important at the local scale as a result of diverse environmental gradients
within each site and species turnover will be more important among-sites because
intraspecific trait variation tends to saturate and become less important at larger scales.
By characterizing community-level traits across a latitudinal gradient and disentangling
the role of intra- and interspecific trait variation in community-level traits, we will better
understand the changes that may modify contributions of plant communities (both vascular and
moss) to ecosystem function of boreal peatlands. In addition, we will be able to inform improved
projections of boreal ecosystem function in the face of a rapidly warming climate and associated
disturbances.

2.3 Methods
2.3.1 Site Descriptions
Spanning the latitudinal extent of the western Canadian boreal forest, four peatland sites
dominated by black spruce were chosen based on underlying gradients in climate and permafrost
extent (Table 2.1; Appendix 2.1, Fig S2.1). Southern Old Black Spruce (OBS), located about 100
km northeast of Prince Albert, Saskatchewan, is near the southern limit of continuous boreal
30

forest and is permafrost-free. Our second most southerly site is Key Pile Camp (KPC), about 100
km east of Fort Nelson, British Columbia, and is underlain by sporadic discontinuous permafrost.
Our third site, Scotty Creek (SCC), is 50 km south of Fort Simpson, Northwest Territories (NT),
also within the sporadic discontinuous permafrost zone but is further north than KPC so
permafrost is more widespread in the landscape (Carpino et al. 2020). The most northern site,
Havikpak Creek (HPC), represents the northern extent of continuous boreal forest. HPC is about
10 km east of Inuvik, NT, and is underlain by continuous permafrost. These sites represent a
substantial gradient in mean annual air temperature (MAAT) and precipitation (MAP) with
differences in MAAT of ~10°C (range: 1.2 to -8.2°C) and MAP of ~260 mm (range: 240.6 to
497.7 mm), both of which decrease with increasing latitude (Table 2.1).
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Table 2.1. Characteristics of four sampling sites spanning the latitudinal extent of the western Canadian boreal forest, including site
abbreviation, coordinates, ecozone, extent of underlying permafrost, mean annual air temperature (MAAT) and precipitation (MAP)
between 1981-2010, and dominant vegetation as canopy cover (a), understory vascular species (b), and groundcover (bryophytes
and/or lichen (c). MAAT and MAP data available from: https://climate.weather.gc.ca/climate_normals/. See Fig S2.1 (Appendix 2.1)
for map of study sites.
Site

Coordinates

Ecozone

OBS

53°59’N,
105°07’W

Boreal
Plains

Permafrost
Extent
None

MAAT (°C)
1981-2010
1.4

MAP (mm)
1981-2010
497.7

Dominant Vegetation
a.

b.

KPC

58°34’N,
120°41’W

Taiga
Plains

Sporadic
Discontinuous

-0.4

452.1

c.
a.

b.

c.

SCC

61°17' N,
121°17'°W

Taiga
Plains

Sporadic
Discontinuous

-2.8
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387.6

a.
b.

Black spruce (Picea mariana (Mill.)
Britton, Sterns & Poggenburg), with
interspersed larch (Larix laricina (Du
Roi) K. Koch) in wetter and jack pine
(Pinus banksiana Lamb.) in drier
regions1
Labrador tea (Rhododendron
groenlandicum (Oeder) Kron & Judd)1
Feathermoss (Pleurozium spp.) 1
White spruce (Picea glauca (Moench)
Voss) on well-drained uplands, black
spruce on lower-lying wetter soil, larch
in fens
Labrador tea and lingonberry
(Vaccinium vitis-idaea L.) in uplands
and lower-lying areas, sedges in fens
Feathermosses (Pleurozium scheberi
(Brid.) Mitt. and Hylocomium splendens
(Hedw.) Schimp.) in upland and lowlying areas, Sphagnum spp. in fens.
Black spruce on plateaus, larch in fens
Labrador tea on plateaus, sedges and
forbs like Menyanthes trifolia L. in fens

c.
HPC

1

68°32’N,
133°32’W

Taiga
Plains

Continuous

-8.2

Gower et al. 1997; 2Garon-Labrecque et al. 2015
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240.6

Feathermosses in drier areas and
Sphagnum spp. in wetlands2
a. Black spruce in low-lying wet soils,
white spruce in drier upland regions.
b. Labrador tea, birch shrubs (Betula sp.),
and lingonberry
c. Feathermosses and reindeer lichen
(Cladina sp.)

2.3.2 Sampling Design
Sampling design varied among the four peatland sites in order to capture differences
among dominant landscape features; however, in all cases we employed a stratified sampling
design across topoedaphic and/or hydrologic gradients to capture within-site variability in plant
community composition and traits. At OBS, KPC, and HPC, we employed a randomly stratified
belt transect that measured 100 m long by 10 m wide to capture land cover variability. At OBS,
this transect was broken into three dominant landscape features based on hydrology: 1. mesic
black spruce forest; 2. fen dominated by larch; and 3. transition between fen and mesic black
spruce where larch and black spruce co-occur. KPC included these three features along a
topographic gradient in addition to: 4. Upland white spruce forest. At HPC we captured a
topographic gradient from: 1. Upland; 2. Lowland; and 3. transition between upland and
lowland. Black spruce was the dominant tree species across the topographic gradient at HPC but
its canopy density varied, with upland having the greatest canopy closure and lowland positions
having the most open canopy. Along each belt transect, we established twenty, 1 m2 quadrats, the
position of which followed a random stratified design. The frequency of quadrats in each
landscape feature was based on the span of the feature (i.e., larger landscape features contained
more quadrats to better represent the greater variability that comes with a larger area). Random
stratification along an environmental gradient has been shown to be effective compared to a
standard sampling design because it more efficiently captures the full range of variability of
biotic and abiotic components of the system (Gillison and Brewer 1985), and limits areas
randomly selected that may not capture the landscape feature, vegetation, or other characteristic
of interest (Boschetti et al. 2016). SCC was sampled differently for two main reasons: 1. the
landscape is a mosaic of raised forested plateaus underlain by permafrost (i.e., forested plateaus)
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and treeless or sparsely treed permafrost-free peatlands (i.e., bogs and fens) such that a transect
would not capture the variability across these features; 2. SCC is home to an established forest
plot within the Smithsonian Institute’s Forest Global Earth Observatory (ForestGEO) program
(Anderson-Teixeira et al. 2015; Dearborn et al. 2020) where an intensive study was conducted
on the influences of environmental variables on community-level traits and plant composition
(Standen and Baltzer 2021). The plot is ten hectares laid out in 240, 20 m x 20 m grid cells,
where all stems with a diameter at breast height (DBH; 1.3 m) > 1 cm have been identified to
species, mapped, and measured for DBH (see Dearborn et al. 2020 for more details). Within the
ForestGEO plot, 40 grid cells were selected for sampling using a random design stratified by
different landscape features, with 10 grid cells sampled in each of four features: three on forested
plateaus that captured high (>15 trees with a DBH >10 cm), medium (5-15 trees with a DBH >10
cm), and low (<5 trees with a DBH >10 cm) aboveground tree biomass, in addition to none
(treeless, permafrost-free peatlands). Within each selected grid cell in each landscape feature,
two 1 m2 quadrats were randomly placed for a total of 80 quadrats.
2.3.3 Community Composition
To assess plant community differences within- and among-sites, we identified individuals
to species or genus, in the case of some sedges, and measured abundance (stem counts) of all
vascular plants within each 1 m2 quadrat in summer 2016 at SCC, 2017 at KPC and OBS, and
2018 at HPC. We used stem counts to reduce observer bias among data collectors and for
consistency among sites and seasonal timing of measurement. Due to practical and logistical
challenges, our sites were sampled at different times through the growing season (during which
percent cover can change quite markedly) and in different years. In addition, we identified to
genus or species all moss and estimated the percent cover of each taxon in all quadrats, as we
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assumed coverage of these species would be more consistent across a season than vascular
plants. For analysis of intraspecific functional trait variation, we grouped some moss species by
genus (Sphagnum) or functional group (feathermoss) because individual species were not always
consistent across the entire latitudinal gradient. However, individual moss species were included
separately in calculations of quadrat-specific community-weighted means.
2.3.4 Functional Traits
We collected trait data for those vascular and moss species comprising ≥ 50% of
individuals in each landscape feature of each site. In general, traits are collected for species
cumulatively capturing 75-80% of community biomass (e.g., Garnier et al. 2004) or species
present (e.g., Muscarella and Uriarte 2016). However, based on stem counts, community
composition of each landscape feature of our study included 1-30% horsetails (Equisetem sp.)
and 1-35% of the tiny-leaved bog cranberry (Vaccinium oxycoccos), when present. Both of these
taxa are difficult to measure gas exchange on given the instrument available for use, and on a
biomass basis, would account for a smaller fraction of the plant community biomass compared to
such species as Rhododendron groenlandicum, Betula glandulosa, or Vaccinium vitis-idaea. In
addition, the contributions of Vaccinium oxycoccos to ecosystem productivity are likely trivial
due to its miniscule size though it undoubtedly plays an important functional role in other
respects (e.g., wildlife use). Thus, these two taxa were excluded from trait collection.
Traits of interest follow the leaf economic spectrum (LES; Wright et al. 2004) and
include mass-corrected maximum photosynthetic (Amass) and dark respiration rates (Rmass), foliar
nitrogen concentration (Nmass), foliar carbon to nitrogen ratio (C:N), and, for vascular species
only, specific leaf area (SLA). We collected trait data within each landscape feature at each site
to capture variability both within- and among-sites. Within each landscape feature, functional
36

trait data were collected for at least three replicates of each species. We used a LI6400XT
portable gas-exchange system (LI-COR Inc., Lincoln, Nebraska) to measure Amass and Rmass. For
moss measurements, we used a metal cylinder to remove a sample of consistent area from the
ground surface, removed any non-living tissue, and placed the sample in the bryophyte chamber
(LI6400-24) equipped with an LED light source (LI6400-18A). Vascular species were measured
by placing a single leaf or, in the case of Vaccinium vitis-idaea, a branch with many small leaves
into the lighted (LI6400-02B) standard LI6400 chamber (2 x 3 cm). For all measurements, CO2
concentration and humidity in the sample chamber were maintained at 400 µmol CO2 mol-1 and
30-60%, respectively. Gas exchange was measured at a photosynthetic photon flux density of 0
µmol m-2 s-1 for dark respiration and 1500 µmol m-2 s-1 for maximum photosynthetic rate. After
gas exchange measurements, all sampled leaves and mosses were collected by gently removing
the sample from the appropriate chamber and placing it in a sealed plastic bag for transport.
Fresh vascular leaves were scanned within 2-3 hours of collection and measured for fresh area
using ImageJ (Schneider et al. 2012). We then dried all leaf and moss samples at 50°C for 5
days. Vascular and moss species were weighed to an accuracy of 0.0001 g and for vascular
species, this value was used to calculate SLA as the ratio of fresh area to dry mass. Leaf mass
area (LMA; the inverse of SLA) of vascular species was used to convert area-based gas
exchange measurements to a mass-basis, making them comparable to moss measurements, which
are measured on a mass-basis. Afterwards, all dried leaf and moss samples were ground using a
SamplePrep 8000 ball mill grinder (SPEX SamplePrep, Metuchen, New Jersey), and analyzed
for Nmass and Cmass using a 2400 Series II CHNSO Elemental Analyzer (PerkinElmer, Waltham,
Massachusetts) with an acetanilide standard and an accuracy of <0.3%.
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2.3.5 Statistical Analyses
We used R v. 3.6.1 (R Core Team 2019) to conduct all statistical analyses and ggplot2
(Wickham 2016), ggnewscale (Campitelli 2020), and ggpubr (Kassambara 2018) to create
figures.
2.3.5.1 Patterns of Plant Community Composition Among- and Within-Sites
To assess plant community composition variation within- and among-sites for the
vascular and moss community, we conducted a principal coordinates analysis (PCoA) using
function cmdscale in the stat package. We first removed rare species from our data, which were
defined as any species occurring in only one quadrat at only one site. Next, we Hellingertransformed the stem count and percent cover data for the vascular and moss community,
respectively, and calculated a Manhattan dissimilarity matrix. To assess the statistical differences
in plant community composition among- and within-sites, we used the adonis function in the
vegan package (Oksanen et al. 2018) to conduct a permutational analysis of variance
(PERMANOVA) for each dissimilarity matrix. We used the R2 to assess the amount of variation
in community composition explained at each geographic scale. Finally, we performed a beta
dispersion test with function betadisper in the vegan package to determine whether the
PERMANOVA results were due to differences among centroids or in differences in dispersion of
points around the centroid of each site (i.e., beta dispersion).
In addition to the PCoA of community composition, we assessed patterns of species
richness of the combined vascular and moss community among-sites using ANOVA and, when
significant, used Tukey’s HSD to assess pairwise differences between sites. We decomposed the
variation of richness using an ANOVA of the model: richness = site + landscape feature:site +
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error and extracting sum of squares (SS) for each parameter. The SS values for each parameter
were then summed and percent of variation was calculated.
2.3.5.2 Patterns of Plant Functional Traits Among- and Within-Sites
To quantify and visualize intraspecific trait variation among- and within-sites, we
calculated trait probability density (TPD) (Carmona et al. 2016) using the TPD function in the
TPD package (Carmona 2019) for four vascular plant species and three moss species or groups.
TPD uses kernel density estimators around each trait value to describe the probability of
observing a given trait value for that species. We calculated univariate TPDs for our five traits of
interest (Amass, Nmass, Rmass, C:N, and for vascular species SLA).
To determine the amount of intraspecific variation at each spatial scale, we decomposed
the variation of each species-trait combination using analysis of variance (ANOVA) of the
model: trait = site + landscape feature:site + error and extracting sum of squares (SS) for each
parameter. The SS values for each parameter in a given model were then summed and percent of
variation was calculated.
To assess differences among- and within-sites of community-level traits, we used species
mean trait values to compute community-weighted means (CWMs) across our plant communities
for those where at least 50% of the total abundance was represented by our trait data. Thus, we
were able to calculate CWMs for 120/140 and 100/140 total quadrats for vascular and moss
communities, respectively. Quadrats where vascular plants that contained difficult to measure
plants like Equisetem spp. and Vaccinium oxycoccos, as well as quadrats where plants were
abundant but were not representative across the entire landscape feature, were excluded. In
addition, due to limitations with our instrument, gas exchange measurements on very wet mosses
such as Sphagnum riparium were not possible so quadrats where such species were abundant
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were excluded from CWMs. We computed CWMs for four or five traits involved in carbon
cycling: Amass, Rmass, Nmass, C:N, and, for vascular species only, SLA, as:
𝑆

𝐸𝑞𝑢 1. 𝐶𝑊𝑀𝑡𝑝 = ∑

𝑖=1

𝑎𝑖𝑝 × 𝑡𝑖

where aip is the abundance (stem counts or percent cover) of species i in sites p and ti is the mean
trait value of each species (Garnier et al. 2004; Muscarella and Uriarte 2016). Thus, more
abundant species will contribute more to the overall CWM trait. To account for differences in the
proportion of the community captured in our trait measurements, we scaled all CWMs by the
proportion of community contributing to the CWM calculation (i.e., CWM/proportion of
community captured = scaled CWM). Thus, CWM values that represented a higher proportion of
plants captured would be lowered more than those for which less of the community was
captured, creating more conservative estimates of CWM traits. Without scaling CWM traits,
differences among- and within-sites may be detected because a higher percentage of the
community was captured, and not necessarily because there were true difference in communitylevel trait values. However, trends in CWMs between scaled- and unscaled-CWMs were
comparable (Appendix 2.2, Fig S2.2-Fig S2.3); to provide more conservative estimates, all
CWM data presented herein were scaled.
2.3.5.3 Influence of Intra- and Interspecific Variation on Community-Level Traits
To determine whether intraspecific trait variability and/or species turnover was driving
variation in CWM traits of vascular and moss communities, we used the decomposition of
variance method described by Lepš et al. (2011). Briefly, this method calculates CWMs in three
ways: 1. using fixed-trait means in which trait values of all individuals of a species are averaged
across the entire gradient; 2. using specific-trait means in which trait values of all individuals of
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a species are averaged within each landscape feature at each site giving a maximum of 14 mean
trait values per species; and 3. the difference between the CWM values of specific- and fixedtrait means. These three CWMs calculated for each quadrat across the gradient represent species
turnover, total variation, and intraspecific variability, respectively. To determine whether CWM
variance is mainly attributable to species turnover and/or intraspecific variation at each
geographic scale (within- and among-site), we conducted one-way ANOVAs of each CWM type
and extracted the sum of squares. In addition, we used the ANOVA results for the specific-mean
CWMs of each trait to assess differences in CWM traits among- and within-sites. We then used
Tukey’s HSD test for post-hoc comparisons in R’s stats package to evaluate pairwise
differences. Assumptions of ANOVA were visually assessed and met.

2.4 Results
2.4.1 Patterns of Plant Community Composition Among- and Within-Sites
For vascular species, community composition was variable within most sites as expected,
but, counter to our expectation, was fairly consistent among-sites (Fig. 2.1A,C; Table 2.2).
Indeed, results from the PERMANOVA analysis indicate that there was greater variation in
community composition within- than among-sites (R2 = 0.35 and 0.21, respectively). Together,
the first and second PCoA axes explained about 20% of variation in community composition.
The x-axis explained 13% of variation, mainly attributable to within-site variation representing a
gradient from more wetland (fen or collapse scar bog) species like Maianthemum trifolium,
Vaccinium oxycoccos, and Andromeda polifolia to more “plateau” or upland species such as
Rhododendron groenlandicum, Rubus chamaemorus, and Vaccinium vitis-idaea. In contrast to
the three more southerly sites, HPC showed little variation along either PCoA axis.
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PERMANOVA results demonstrated that both among- and within-site differences were
significant (Table 2.2). However, our beta dispersion test was significant (F = 20.658, p < 0.001)
meaning that we cannot disentangle the influence of beta dispersion and differences among the
centroids. The y-axis explained 7% of variation and along this axis, the southern-most site (OBS)
separated fairly well from the other three sites due to the presence of forbs found only at that site,
including Mitella nuda, Coptis trifolia, and Petasites palmatus.
For bryophyte (both moss and liverwort) communities, the PCoA explained about 14%
of variation in community composition but there was no clear separation of sites across the first
two PCoA axes in contrast to our predictions (Fig. 2.1B,D; Table 2.2). However, site scores for
OBS did separate to some extent from the three more northerly sites along the x-axis, though
overlap is substantial. The first PCoA axis explained about 8% of variation and mainly
represented separation of Sphagnum species and Pleurozium schreberi (more common in OBS
than the other sites) from other moss species like Hylocomium splendens. PERMANOVA
showed similar results as the vascular species analysis, with greater variation within- than
among-sites (R2 = 0.32 and 0.17, respectively) although both were significant predictors of
community composition (Table 2.2). Our test of beta dispersion was not significant (F = 1.581, p
= 0.197) and thus PERMANOVA results represent differences among the centroids.
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Fig. 2.1. Principal coordinates analysis of plant community composition among four sites spanning the latitudinal extent of the
western boreal forest of Canada. Displayed are site and species scores of vascular plant community (A and C, respectively) and
bryophytes (B and D, respectively). Sites in the legend are ordered from northern to southern latitudes.
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Table 2.2. Results of PERMANOVA exploring differences both among- and within-sites of the
dissimilarity matrices used to conduct the Principal Coordinates Analysis (PCoA) in Fig. 2.1 for
the two plant functional groups of interest: vascular species and bryophytes. Significant p-values
(p < 0.05) are noted in bold font.
Sum of
Variation
Mean
PFG
Parameter
DF
F
p
Squares Explained (%) Squares
Vascular Among Site
3
147.89
21
49.30 20.67 0.001
Within Site
10
240.69
35
24.07 10.09 0.001
Residuals
126
300.54
44
2.39
Total
139
689.12
100
Moss
Among Site
3
55.50
18
18.50 15.17 0.001
Within Site
10
100.81
32
10.08 8.26 0.001
Residuals
126
153.59
50
1.22
Total
139
310.00
100
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Species richness was significantly different among sites but, against expectations, did not
follow a linear trend with latitude (Fig. 2.2). Rather, species richness was greatest at the southern
site, followed by the northernmost site (HPC), and lastly the mid-latitude sites (KPC and SCC)
(Fig. 2.2A). When decomposing the variance, among- and within-site explained similar amounts
of variation in species richness (45 and 40%, respectively) (Fig. 2.2B).
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Fig. 2.2. Boxplots demonstrating the variation in species richness within- and among-sites
spanning the latitudinal extent of the Canadian boreal biome (A) and bar chart representing the
percent of variation in richness explained within- (grey) and among-site (black). Mean richness
values are denoted by coloured points in each boxplot and different letters represent significant
pairwise differences among sites. The x-axis is ordered from the most southern site (left) to the
most northern site (right). See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on
each site.
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2.4.2 Patterns of Plant Functional Traits Among- and Within-Sites
In contrast to our predictions, trait probability density (TPD) plots revealed few
consistent patterns in intraspecific variation across sites for most species-trait combinations (Fig.
2.3; Appendix 2.4, Fig S2.4-Fig S2.7). As expected, intraspecific variation tended to be greater
for forbs and deciduous shrubs than evergreen shrubs and mosses, though evergreen shrubs did
generally show greater intraspecific variation than moss. We expected that trait values of SLA,
Amass, Rmass, Nmass would decrease and C:N would increase with increasing latitude, thus driving
more resource conservative strategies with latitude, but this was not the case. In fact, we found
no consistent patterns in trait values with latitude. Using Nmass as an example (Fig. 2.3), we see
no consistent patterns for the deciduous shrub (B. glandulosa), evergreen shrubs (R.
groenlandicum and V vitis-idaea), or the feathermosses, whereas the forb (R. chamaemorus)
demonstrates lower Nmass at the northernmost site compared to the other three sites, which have
substantial overlap in their TPDs. In general, Sphagnum spp. and D. undulatum show higher
Nmass at the two southern sites compared to the northern sites, but there is still substantial overlap
in the within-site TPDs.
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Fig. 2.3. Univariate trait probability density (TPD) for mass-corrected foliar nitrogen (Nmass) of
seven common and abundant species (Betula glandulosa (A), Rubus chamaemorus (B),
Rhododendron groenlandicum (C), Vaccinium vitis-idaea (D), Dicranum undulatum (E),
Feathermoss (F), and Sphagnum spp. (G)) demonstrating intraspecific variation among- and
within-sites spanning the latitudinal extent of the western Canadian boreal biome. Note that the
x- and y-axis differ between vascular (A:D) and non-vascular species (E:G). Univariate trait
probability density for all other measured traits are presented in Figs S2.4-S2.7 (Appendix 2.4).
See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on each site.
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Decomposing the variance of the intraspecific variation within- and among-sites, we
found differences among traits as well as among plant functional groups (Fig. 2.4). In mosses,
among-site differences accounted for more variation in traits than within-site differences. The
pattern for vascular species was more complicated; specifically, the majority of variation in
chemical traits (C:N and Nmass) occurred among sites for all vascular species except B.
glandulosa. For gas exchange traits (both Amass and Rmass) and SLA of most vascular species, as
well as Amass for feathermosses, more variance occurred within- than among-sites.
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Fig. 2.4. Decomposition of intraspecific trait variation for seven common and abundant species
(Betula glandulosa (A), Rubus chamaemorus (B), Rhododendron groenlandicum (C), Vaccinium
vitis-idaea (D), Dicranum undulatum (E), Feathermoss (F), and Sphagnum spp. (G)) among(dark shades) and within-sites (light shades) spanning the latitudinal extent of the western
Canadian boreal forest. Greyscale represents mosses, whereas coloured plots represent vascular
plants with plant functional groups represented by specific colours: pink is deciduous shrubs
(Betula glandulosa), blue is forbs (Rubus chamaemorus), and green is evergreen shrubs
(Rhododendron groenlandiucm and Vaccinium vitis-idaea).
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In stark contrast to our predictions, vascular community-level traits were generally
consistent across latitude for most CWM traits (Fig. 2.5; Appendix 2.5, Table S2.3). Specifically,
Nmass (Fig. 2.5B), Amass (Fig. 2.5C), and SLA (Fig. 2.5E) showed no significant differences
across latitudes. In contrast, Rmass was significantly greater at the mid-latitude site (SCC) than all
but the southern-most site (e.g., OBS) (Fig. 2.5D), and C:N was higher at the northern-most site
(HPC) and, although not significant, generally decreased with latitude (Fig. 2.5A).
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Fig. 2.5. Scaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), dark respiration rate (D), and specific leaf area (E) of vascular plant
communities across four sites spanning the latitudinal extent of the western Canadian boreal
biome. The x-axis is ordered from the most southerly site (left) to the most northerly site (right).
See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on each site, and Fig S2.2
(Appendix 2.2) for unscaled CWM traits.
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Patterns of moss community-level traits differed from those of vascular communities
(Fig. 2.6; Appendix 2.5, Table S2.4) and partially supported our predictions. Specifically, there
was a North-South split for both CWM Nmass (Fig. 2.6B) and Amass (Fig. 2.6C), in which these
traits were higher in the southern two sites (i.e., OBS and KPC) than the northern sites (i.e., SCC
and HPC). In contrast, C:N and Rmass showed no consistent patterns across latitude (Fig. 2.6A,D).

Fig. 2.6. Scaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), and dark respiration rate (D) of moss communities across four sites
spanning the latitudinal extent of the western Canadian boreal biome. The x-axis is ordered from
the most southerly site (left) to the most northerly site (right). See Fig S2.1 (Appendix 2.1) and
Table 2.1 for further information on each site, and Fig S2.3 (Appendix 2.2) for unscaled CWM
traits.
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2.4.3 Influence of Intra- and Interspecific Variation on Community-Level Traits
Decomposing variance of vascular community-level traits revealed that species turnover
explained the largest fraction (53-100%) of total CWM trait variation (Fig. 2.7; Appendix 2.5,
Table S2.5). In general, intraspecific variation was less important than species turnover, but still
explained a substantial portion of variation for CWM Rmass (37%). Covariation was relatively
low for most traits (range: -10 to 10%) but was 21% for CWM C:N, suggesting that variation
within-species combined with changing species composition explained substantial variation in
CWM C:N. In general, error comprised most of the variance for all CWM traits, but within-site
variation was the next most important parameter, suggesting that environmental gradients withinsite were more important for driving variation in CWM traits than the large climatic gradients
across which we sampled. Among-sites, the fraction of variance attributable to intraspecific
variation was greater than that for within-site, suggesting that intraspecific variation becomes
more important at larger geographic scales.
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Fig. 2.7. Contribution of intraspecific trait variability and species turnover to total variation in
vascular plant community-level traits, as well as variation in each model parameter (e.g.,
Among- and Within-site and Error) for community-weighted specific leaf area (SLA), and masscorrected dark respiration rate (Rmass), foliar nitrogen (Nmass), maximum photosynthetic rate
(Amass), and carbon to nitrogen ratio (C:N). Vertical black lines represent total variation for each
trait and for each parameter. The distance from the column to the line represents covariation of
intraspecific variation and species turnover. When the column exceeds the line, covariation is
negative.
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Decomposition of variance in CWM moss traits resulted in more complicated patterns
than was evident in vascular plants. Specifically, intraspecific variation played a more prominent
role in CWM variation for moss, especially when considering gas exchange traits (Fig. 2.8;
Appendix 2.5, Table S2.5). Intraspecific variation for CWM Rmass and Amass explained 42 and
78% of total CWM variation, respectively, but only 14 and 16% for CWM C:N and Nmass,
respectively. However, species turnover still explained a substantial proportion of total variation
ranging from 11% for CWM Amass to 98% for CWM C:N. Covariation played a larger role for
total moss CWM traits and varied between -30 and 10%. As was the case for vascular species,
error comprised the largest fraction of variation for every trait but Amass, where among- and
within-site variation were roughly equal and exceeded variation explained by the error
parameter. In addition, intraspecific variation explained the most variation both within- and
among-site for CWM Amass and Rmass,,suggesting greater importance of intraspecific variation in
the gas exchange traits compared to foliar chemical traits. However, similar to vascular plants,
the chemical traits of moss generally showed greater proportion of variance attributable to
intraspecific variation at larger geographic scales.
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Fig. 2.8. Contribution of intraspecific variability and species turnover to total variation in moss
community-weighted mean traits, as well as variation in each model parameter (e.g., Amongand Within-site and Error), for community-weighted mass-corrected dark respiration rate (Rmass),
foliar nitrogen (Nmass), maximum photosynthetic rate (Amass), and carbon to nitrogen ratio (C:N).
Vertical black lines represent total variation for each trait and for each parameter. The distance
from the column to the line represents covariation of intraspecific variation and species turnover.
When the column exceeds the line, covariation is negative.
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2.5 Discussion
While there is evidence of global latitudinal trends in inter- and intraspecific trait
variation (e.g., Reich and Oleksyn 2004; Moles et al. 2007, 2009) as well as community-level
traits (e.g., Hulshof et al. 2013), here we show that this does not hold for vascular and moss plant
communities across four sites spanning the latitudinal extent of the boreal biome of western
Canada. Rather, community-level traits (as CWM Nmass, C:N, Amass, Rmass and, for vascular
plants, SLA) were fairly consistent across approximately 15° of latitude spanning a climate
gradient of about 10°C and traversing the entire permafrost gradient. Instead, environmental
gradients within sites explained more variation in community-level traits than the large-scale
climatic gradient for most CWM traits. In addition, community compositional shifts (including
species turnover and changes in abundance) were implicated as the most important component of
most CWM traits at both geographic scales, though intraspecific variation was important in some
cases and increased in importance at the regional scale suggesting a greater influence of ecotypic
divergence than trait plasticity in community-level traits. We also found that species richness did
not follow a linear pattern across latitude and generally was explained relatively equally by
among- and within-site variation, suggesting that species richness was not directly related to
CWM trait variation among-sites. Overall, our finding of fairly homogenous CWM traits across
the latitudinal extent of the western Canadian boreal biome suggests that plant community
composition responses to ongoing climate change may have little impact on community-level
traits. Rather, changes to the environmental gradients within site may have more of an influence
on community-level traits and thus ecosystem functions like carbon cycling in boreal peatlands.

59

2.5.1 Community-Level Traits Across Latitude Driven by Species Turnover
Contrary to our predictions, we found no trends in community-level traits across latitude,
except for a North-South split in moss CWM Amass and Nmass. We originally predicted that
community-level traits would decrease with latitude due to increasing climate harshness (e.g.,
Reich 2014). This trend has been demonstrated for woody plant CWM SLA with elevation and
latitude (Hulshof et al. 2013) and moss community foliar phosphorus (P) and SLA with elevation
(Roos et al. 2019). Although this prediction was partially supported by moss CWM Nmass and
Amass in our study, it was not observed for most traits or taxa and, as such, we suggest that across
sites, community-level traits were not predictably influenced by increasing climatic harshness
with latitude. Our alternate hypothesis was that with increasing latitude, community-level traits
would increase as a result of the reverse latitudinal richness gradient demonstrated by Marshall
and Baltzer (2015), an idea supported by Hulshof et al. (2013) and Liu et al. (2019). Indeed, the
general positive relationship between species richness/diversity and ecosystem function (often
NPP or plant biomass) has been demonstrated repeatedly in the literature (see meta-analysis by
Gillman and Wright 2006), although this relationship depends on the geographic scale under
consideration (Gillman and Wright 2006). Specifically, overwhelmingly positive relationships
between diversity and productivity were found for larger-scale studies (global, continental,
regional) but smaller scales (landscape, local) tended to have more variable patterns: positive,
negative, unimodal, or no pattern (Gillman and Wright 2006). In contrast to Marshall and Baltzer
(2015) and this meta-analysis, species richness in our study did not increase systematically with
latitude nor did observed richness trends mirror trends in CWM traits among-sites, suggesting
that at the site-level richness was not strongly influencing community-level traits. This may be in
part because northern systems tend to be more species-poor than southern systems as a combined
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result of climatic harshness and limited evolutionary speciation due to recent glaciation
(Turetsky et al. 2017). Indeed, mean species richness among our sites only ranged from about
10-17 species. In these northern systems, the low species diversity tends to result in limited
ranges of life history strategies and, thus, greater limitation of functional traits (as suggested by
Turetsky et al. 2017). Given the combination of limited functional trait diversity and low
richness of northern systems, it is perhaps not surprising that we did not see the expected
richness-productivity pattern at the site-scale. Instead, we suggest that the low richness and
functional diversity of these northern systems is likely resulting in the lack of discernible trend
between richness and community-level traits across our sites and may be influencing the lack of
latitudinal trend in community-level traits.
Interestingly, the lack of a relationship between species richness and CWM traits amongsites did not hold true within-site. Specifically, vascular species richness within-sites had
significant (p < 0.05) or marginally significant (p < 0.10) positive relationships with vascular
CWM traits in 13 of 20 instances (Appendix 2.6, Fig S2.8), likely because of the influence of
environmental gradients within sites. Indeed, species richness varies with resource (water, light,
nutrient) availability (reviewed by Pausas and Austin 2001) and richness has been linked to both
ecosystem function (Gillman and Wright 2006) and CWM traits (Violle et al. 2011; Liu et al.
2019). For example, Violle et al. (2011) demonstrated significant relationships between
community-level traits (both SLA and plant height) with species richness across a local flooding
gradient. Given that there were many CWMs calculated within each site (~20 or more), the
majority of environmental variation (as canopy cover, organic layer thickness, and active layer
thickness) occurred within each site (~55-75%; Appendix 2.7, Fig S2.9-Fig S2.11), and known
associations between species richness and productivity and CWM traits at local scales (Gillman
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and Wright 2006; Violle et al. 2011), the positive relationships between species richness and
CWM traits within each site were not surprising. Indeed, our within-site patterns add to the large
literature base supporting a positive relationship between richness and ecosystem function (e.g.,
Gillman and Wright 2006).
As predicted, we found that species turnover, and not intraspecific variation, was the
main driver of variation in most community-level traits for both vascular plant and moss
communities. Species turnover has been shown to be important in several other studies (e.g.,
Cornwell and Ackerly 2009; Siefert et al. 2014; Standen and Baltzer 2021), especially as the
geographic scale under consideration increases (Siefert et al. 2014). For example, Siefert et al.
(2014) show that CWM trait variation in old agriculture fields spanning 1200 km was explained
predominantly by species turnover. This is likely due to the greater environmental and climatic
heterogeneity across broader spatial scales, which may favour species turnover rather than
intraspecific variation (Albert et al. 2011). In line with our predictions, shifts in community
composition (likely as changes in abundance and not complete species turnover) across this
broad latitudinal gradient are having a greater influence on community-level traits than
intraspecific variation, though the latter becomes proportionally more important with increasing
geographic scale.
In addition, the total amount of CWM trait variation explained within-site exceeded that
of among-site variation for most vascular and moss CWM traits. Thus, local environmental
gradients are having a greater influence on community-level traits than broader geographic
gradients, often as a direct result of within-site species turnover. For example, tree canopy
density did not differ significantly among our four study sites and ~80% of variation in canopy
density occurred within-sites (Appendix 2.7, Fig S2.9). This suggests that local variation in tree
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canopy density is much greater than that across the latitudinal extent of the boreal biome, which
may help explain our CWM trait variation results. Comparable results were found for organic
and active layer thickness (Appendix 2.7, Fig S2.10-Fig S2.11). Similarly, Siefert et al. (2014)
show that local-scale edaphic factors generally explained more variation in CWM traits than
large-scale climatic factors owing to species turnover. In an intensive study at SCC, Standen and
Baltzer (2021) also demonstrate the importance of local gradients in driving plant community
processes: active layer thickening increased CWM Amass, Nmass, Rmass, and SLA as result of
complete species turnover. Although we cannot specify the environmental gradients driving the
variation in community composition and resulting changes in community-level traits observed
among our sites, it is important to note that these local environmental gradients were having
strong influences on plant community processes and this may have implications for ecosystem
function under continued climate change and associated impacts in boreal peatlands.
2.5.2 Intraspecific Variation Greater Among- Than Within-Sites
In contrast to our predictions, intraspecific trait variation was generally greater amongthan within-sites for the seven taxa that were common across our study. Similarly, we found an
increasingly important role of intraspecific trait variation at greater geographic scales for most
community traits, although species turnover was still the major driver in most cases. These
results contrast with predictions by Albert et al. (2010, 2011) and results of Kumordzi et al.
(2019), who suggest that intraspecific variation saturates at larger scales. Rather, our results
suggest a small role of ecotypic divergence among sites (e.g., Hirao et al. 2019) but one that does
not correspond with climatic gradients since intraspecific variation in productivity related
functional trait values did not follow any predictable trend with latitude. Instead, the inconsistent
trends of intraspecific variation among our sites likely reflects that traits of each population are
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adapted to site-specific environmental conditions such as light, water, and nutrient availability
(e.g., Hirao et al. 2019).
In contrast to our predictions, CWM variation for Amass and Rmass of the moss community
was explained more by intraspecific trait variation than species turnover. This contrasted with
Roos et al. (2019), who demonstrated that species turnover was the largest fraction of CWM
variation in several bryophyte traits across an altitudinal gradient. However, in their study,
bryophyte community varied considerably with altitude whereas community composition across
latitude in our study was generally comparable (Fig. 2.1B). In addition, mosses are less able to
regulate their water and nutrient content than vascular plants because they are dependent on
precipitation for both (Turetsky 2003). As such, intraspecific variation was expected to be high
in moss traits (e.g., Roos et al. 2019) as has been demonstrated in several studies (e.g., Skre and
Oechel 1981; Wang and Bader 2018); these ideas were partially supported by our results.
2.5.3 Implications for Climate Change
The lack of a general latitudinal trend in our study spanning 2000 km and 15° of latitude
suggests that community-level traits of boreal vascular and moss species at a site-level may be
relatively stable under ongoing climate change. This finding is supported by the fact that plant
community composition was fairly consistent among the four study sites and that, although
intraspecific variation was more important at larger spatial scales, most traits did not vary
systematically with latitude, suggesting an influence of ecotypic divergence that is driven
predominantly by site-specific conditions rather than large-scale climatic gradients. Thus, as the
climate changes, the community may shift accordingly but our data suggest that this will not
occur predictably across latitudes; indeed, we found that within-site characteristics were often
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more important than among-site characteristics for driving community-level traits and
community composition. As such, if we see large shifts in environmental gradients within sites
through, for example, accelerating permafrost thaw and associated hydrological changes, sitewide community-level traits may be substantially altered (Standen and Baltzer 2021). Thus, our
data suggest that climate change and resulting shifts in community composition may not have a
strong influence on community-level traits and ecosystem function in boreal peatlands unless
environmental gradients within-site are substantially altered.
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2.8 Chapter 2 Supplementary Tables and Figures
2.8.1 Appendix 2.1. Site map

Fig S2.1. Map demonstrating study site distribution across permafrost extent categories (main
map) and the extent of the boreal biome in North America (inset). See Table 2.1 for further
information on each site.
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2.8.2 Appendix 2.2: Unscaled Community-Weighted Mean plots

Fig S2.2. Unscaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), dark respiration rate (D), and specific leaf area (E) of vascular plant
communities across four sites spanning the latitudinal extent of the western Canadian boreal
biome. The x-axis is ordered from the most southerly site (left) to the most northerly site (right).
See Fig S2.1 (Appendix 2.1) and Table 2.1 for further information on each site, and Fig. 2.5 for
scaled CWM.
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Fig S2.3. Unscaled community-weighted mean carbon to nitrogen ratio (A), foliar nitrogen (B),
photosynthetic rate (C), and dark respiration rate (D) of moss communities across four sites
spanning the latitudinal extent of the western Canadian boreal forest. The x-axis is ordered from
the most southerly site (left) to the most northerly site (right). See Fig S2.1 (Appendix 2.1) and
Table 2.1 for further information on each site, and Fig. 2.6 for scaled CWM traits.
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2.8.3 Appendix 2.3: Species list and authorities
Table S2.1. Vascular species abbreviations used in Fig. 2.1C and associated species names and
authorities.
Abbreviation
Rho gro
Rho tom
Cha cal
Bet gla
Pic mar
Vac vit
Vac uli
Rub cha
Rub arc
Mai tri
Geo liv
Pyr sec
Equ sci
Equ syl
Equ arv
Equ pra
Equ sp
Sal mac
Sal pla
Sal sco
Sal myr
Salix sp.
Unknown Sedge
Lar lar
Vac oxy
Car gyn
Car vag
Car lim
Car cap
Car aqu
Carex sp.
Neo cor
Dro rot
And pol
Pin vil
Cha ang
Unknown forb 1
Ros aci
Cor can
Mon uni
Pet sag
Asteraceae
Emp nig
Gal rot

Species Name
Rhododendron groenlandicum
Rhododendron tomentosum
Chamaedaphne calyculata
Betula glandulosa
Picea mariana
Vaccinium vitis-idaea
Vaccinium uliginosum
Rubus chamaemorus
Rubus arcticus
Maianthemum trifolium
Geocaulon lividum
Orthilia secunda
Equisetum scirpoides
Equisetum sylvaticum
Equisetum arvense
Equisetum pratense
Equisetum sp.
Salix maccalliana
Salix planifolia
Salix scouleriana
Salix myrtillifolia
Salix sp.

Authority
(Oeder) Kron & Judd
Harmaja
(L.) Moench
Michx.
(Mill.) Britton, Sterns & Poggenburg
L. 1753
L.
L. 1753 not Fisch. ex Ser. 1825
L. 1753
(L.) Sloboda
(Richardson) Fernald
(L.) House
Michx.
L.
L.
Ehrh., 1784

Larix laricina
Vaccinium oxycoccos
Carex gynocrates
Carex vaginata
Carex limosa
Carex capillaris
Carex aquatilis
Carex sp.
neottia cordata
Drosera rotundifolia
Andromeda polifolia
Pinguicula villosa
Chamaenerion angustifolium

(Du Roi) K. Koch
L. 1753
Wormsk. ex Drejer
Tausch
L.
L.
Wahlenb.

Rosa acicularis
Cornus canadensis
Moneses uniflora
Petasites sagittatus

Lindl.
L.
(L.) A.Gray
(L.) Fr.

Empetrum nigrum
Galearis rotundifolia

L.
(Banks ex Pursh) R.M.Bateman
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Rowlee
Pursh
Barratt ex Hook.
Andersson

(L.) Rich.
L.
L.
L.1753
(L.) Scop.

Spi ann
Lyc cla
She can
Par pal
Aln cri
Pyr asa
Vib spp.
Gal bor
Mer pan
Pic gla
Pyr min
Myr gal
Ste lon
Pet pal
Mit nud
Rha alm
Unknown shrub
Vac cae
Das fru
Cop tri
Arc uva
Gal lab
Fra vir
Scirpus sp.
Lin bor
Lup arc
Pet fri
Dro ang
Eri vag
Men tri
Com pal
Sch pal

Spinulum annotinum
Lycopodium clavatum
Shepherdia canadensis
Parnassia palustris
Alnus crispa
pyrola asarifolia
Viburnum sp.
Galium boreale
Mertensia paniculata
Picea glauca
Pyrola minor
Myrica gale
Stellaria longifolia
Petasites frigidus
Mitella nuda
Rhamnus alnifolia

(L.) A.Haines
L.
(L.) Nutt.
L.
(Ehrh.) K.Koch
Michx.

Vaccinium caespitosum
Dasiphora fruticosa
Coptis trifolia
Arctostaphylos uva-ursi
Galium labradoricum
Fragaria virginiana
Scirpus sp.
Linnaea borealis
Lupinus arcticus
Petasites frigidus
Drosera anglica
eriophorum vaginatum
menyanthes trifoliata
Comarum palustre
Scheuchzeria palustris

Michx. 1803
(L.) Rydb.
Salisb.
(L.) Spreng.
(Wiegand) Wiegand
Duchesne

L.
(Aiton) G. Don, 1837
(Moench) Voss
L.
L.
Muhl. ex Willd.
(L.) Fr.
L.
L'Hér.

L.
S.Wats.
(L.) Fr.
Huds.
L.
L.
L.
L.
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Table S2.2. Moss species abbreviations used in Fig. 2.1D and associated species names and
authorities.
Abbreviation
Hyl spl
Dic und
Pti pul
Pti cri
Lop ven
Sph ang
Sph mag
Sph fus
Sph cap
Sph rip
Tom nit
Ple sch
Pol com
Pol sti
Hel bla
Mee uli
Myl ano
Bri sp.
Jam aut
Myr jul
Pol jun
Phi fon
Lep rep

Species Names
Hylocomium splendens
Dicranum undulatum
Ptilidium pulcherrimum
Ptilium crista-castrensis
Lophozia ventricosa
Sphagnum angustifolium
Sphagnum magellanicum
Sphagnum fuscum
Sphagnum capillifolium
Sphagnum riparium
Tomenthypnum nitens
Pleurozium schreberi
Polytrichum commune
Polytrichum strictum
Helodium blandowii
Meesia uliginosa
Mylia anomala
Brium sp.
Jamesoniella autumnalis
Myurella julacea
Polytrichum juniperinum
Philonotis fontana
Lepidozia reptans
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Authority
(Hedw.) Schimp.
Bridel, J. Bot. (Schrader)
Nees, 1833
(Hedw.) De Not.
(Dicks.) Dumort.
(C.E.O. Jensen ex Russow) C.E.O. Jensen
Brid.
(Schimp.) H.Klinggr.
(Ehrh.) Hedw.
Angstr.
(Hedw.) Loeske
(Brid.) Mitt.
Hedw.
Brid.
(F. Weber & D. Mohr) Warnst.
Hedw.
(Hooker) Gray
(DC.) Steph.
(Schwagrichen) Schimper
Hedw.
(Hedw.) Brid.
(L.) Dumort.

2.8.4 Appendix 2.4: Trait Probability Density (TPD) plots demonstrating intraspecific trait
variation among and within sites spanning the latitudinal extent of the western Canadian
boreal forest.
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Fig S2.4. Univariate trait probability density demonstrating intraspecific variation among- and
within-sites spanning the latitudinal extent of the western Canadian boreal biome for masscorrected dark respiration rate (Rmass) of Betula glandulosa (A), Rubus chamaemorus (B),
Rhododendron groenlandicum (C), Vaccinium vitis-idaea (D), Dicranum undulatum (E),
Feathermoss (F), and Sphagnum sp. (G). Note that the x- and y-axis differ between vascular
(A:D) and non-vascular species (E:G).
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Fig S2.5. Univariate trait probability density demonstrating intraspecific variation among and
within sites spanning the latitudinal extent of the western Canadian boreal biome for carbon to
nitrogen ratio (C:N) of Betula glandulosa (A), Rubus chamaemorus (B), Rhododendron
groenlandicum (C), Vaccinium vitis-idaea (D), Dicranum undulatum (E), Feathermoss (F), and
Sphagnum spp. (G). Note that the x- and y-axis differ between vascular (A:D) and non-vascular
species (E:G).
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Fig S2.6. Univariate trait probability density demonstrating intraspecific variation among and
within sites spanning the latitudinal extent of the western Canadian boreal forest for masscorrected photosynthetic rate (Amass) of Betula glandulosa (A), Rubus chamaemorus (B),
Rhododendron groenlandicum (C), Vaccinium vitis-idaea (D), Dicranum undulatum (E),
Feathermoss (F), and Sphagnum spp. (G). Note that the x- and y-axis differ between vascular
(A:D) and non-vascular species (E:G).
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Fig S2.7. Univariate trait probability density demonstrating intraspecific variation among and
within sites spanning the latitudinal extent of the western Canadian boreal forest for specific leaf
area (SLA) of Betula glandulosa (A), Rubus chamaemorus (B), Rhododendron groenlandicum
(C), and Vaccinium vitis-idaea (D).
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2.8.5 Appendix 2.5. Supplementary tables for statistical outputs.
Table S2.3. ANOVA tables of community-weighted mean (CWM) trait used to decompose
variance within CWMs for vascular species. Fixed values are calculated from trait means across
all study sites and represent community compositional shifts, specific refers to species trait
means calculated for each landscape feature at each site and incorporates both composition shifts
and intraspecific variation (ITV), and ITV represents only intraspecific variation and is a result
of the difference between the specific and fixed CWMs. Values for the specific CWMs were
used for Fig. 2.5.and Table S2.5 (Appendix 2.5). Significance denoted by bold font.

Trait
Amass

CWM
Type
Fixed

Specific

ITV

Rmass

Fixed

Specific

ITV

Nmass

Fixed

Specific

ITV

C:N

Fixed

Specific

ITV

Parameter
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site

df

SS

MS

3
0.0259
0.0086
10
0.0627
0.0063
106
0.1415
0.0013
3
0.0068
0.0023
10
0.0734
0.0073
106
0.1909
0.0018
3
0.0100
0.0033
10
0.0059
0.0006
106
0.0349
0.0003
3
0.0011
0.0004
10
0.0022
0.0002
106
0.0076
0.0001
3
0.0054
0.0018
10
0.0065
0.0007
106
0.0088
0.0001
3
0.0023
0.0008
10
0.0042
0.0004
106
0.0012
0.0001
3
762.75
254.25
10
1451.44
145.14
106
7111.44
67.09
3
451.54
150.51
10
2093.65
209.37
106
6824.08
64.38
3
357.05
119.02
10
138.60
13.86
106
225.67
2.13
3 11785.29 3928.43
10 39689.76 3968.98
106 98181.94
926.25
3 35319.00 11773.00
10 47542.28 4754.23
106 123158.00 1161.87
3
7391.20 2463.74
10
3312.27
331.23
85

F

p

6.454
4.695

< 0.001
< 0.001

1.259
4.074

0.292
< 0.001

10.154
1.794

< 0.001
0.070

5.267
3.015

0.001
0.002

21.655
7.775

< 0.001
< 0.001

66.074
36.350

< 0.001
< 0.001

3.790
2.163

0.013
0.026

2.338
3.252

0.078
0.001

55.917
6.512

< 0.001
< 0.001

4.241
4.285

0.007
< 0.001

10.133
4.092

< 0.001
< 0.001

65.717
8.835

< 0.001
< 0.001

SLA

Fixed

Specific

ITV

Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error

106
3
10
106
3
10
106
3
10
106

86

3973.93
454.19
868.52
6603.38
218.40
906.14
7864.72
100.33
238.66
516.44

37.49
151.40
86.85
62.30
72.80
90.61
7420
33.44
23.87
4.87

2.430
1.394

0.069
0.193

0.981
1.221

0.405
0.286

6.864
4.899

< 0.001
< 0.001

Table S2.4. ANOVA tables of community-weighted mean (CWM) traits used to decompose
variance within CWMs for moss community. Fixed values are calculated from trait means across
all study sites and represent community compositional shifts, specific refers to species trait
means calculated for each landscape feature at each site and incorporates both composition shifts
and intraspecific variation (ITV), and ITV represents only intraspecific variation and is a result
of the difference between the specific and fixed CWMs. Values for the specific CWMs were
used for Fig. 2.6 and Table S2.5 (Appendix 2.5). Significance denoted by bold font.
Trait
Amass

CWM
Type
Fixed

Specific

ITV

Rmass

Fixed

Specific

ITV

Nmass

Fixed

Specific

ITV

C:N

Fixed

Specific

ITV

Parameter
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error
Among Site
Within Site
Error

df
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85
3
9
85

87

SS

MS

3.79E-06
7.63E-06
3.92E-05
1.65E-04
2.09E-04
7.49E-05
1.24E-04
1.68E-04
5.92E-05
2.91E-05
8.44E-05
4.39E-04
5.36E-05
1.52E-04
4.11E-04
9.74E-05
1.01E-04
5.93E-05
126.85
70.08
566.10
310.64
96.67
584.71
66.45
34.34
61.87
4115.06
4038.18
31525.99
2031.24
4587.28
33681.02
2750.06
1392.04
1711.97

1.26E-06
8.48E-07
4.61E-07
5.50E-05
2.32E-05
8.82E-07
4.12E-05
1.87E-05
6.96E-07
9.71E-06
9.38E-06
5.17E-06
1.79E-05
1.69E-05
4.84E-06
3.25E-05
1.13E-05
6.98E-07
42.28
7.79
6.66
103.55
10.74
6.88
22.15
3.82
0.73
1371.69
448.69
370.89
677.08
509.70
396.25
916.69
154.67
20.14

F

p

2.741
1.838

0.048
0.073

62.348
26.284

< 0.001
< 0.001

59.197
26.836

< 0.001
< 0.001

1.879
1.815

0.139
0.077

3.691
3.489

0.015
0.001

46.530
16.133

< 0.001
< 0.001

6.349
1.169

< 0.001
0.325

15.053
1.561

< 0.001
0.140

30.431
5.242

< 0.001
< 0.001

3.698
1.210

0.015
0.300

1.709
1.286

0.171
0.256

45.513
7.679

< 0.001
< 0.001

Table S2.5. Proportion of variance explained by parameters (among site, within site, and error) in
models for each community-weighted mean (CWM) trait (see Lepš et al. 2011) based on the
Sums of Squares extracted from Table S2.3 and S2.4 (Appendix 2.5). Total variation (bold) is
the sum of the Sum of Squares for the specific model and represents 100% of variation. Negative
covariation values represent a negative correlation between the CWM of species turnover and
intraspecific variation (ITV). PFG = plant functional group.
PFG
CWM
Total
Parameter
Turnover
ITV
Covariation
Trait
Variation
Vascular Amass
Among Site
9.53
3.70
-10.72
2.51

Rmass

Nmass

SLA

C:N

Moss

Amass

Rmass

Nmass

C:N

Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total
Among Site
Within Site
Error
Total

23.12
52.19
84.84
5.48
10.46
36.77
52.71
8.14
15.49
75.90
99.53
5.05
9.66
73.46
88.17
5.72
19.27
47.66
72.64
0.85
1.70
8.74
11.29
4.72
13.69
71.22
89.63
12.79
7.06
57.07
76.92
10.21
10.02
78.23
98.46
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2.18
12.87
18.75
11.09
20.34
5.93
37.36
3.81
1.48
2.41
7.70
1.12
2.65
5.75
9.52
3.59
1.61
1.93
7.12
27.56
37.49
13.19
78.24
15.79
16.43
9.62
41.84
6.70
3.46
6.24
16.40
6.82
3.45
4.25
14.53

1.77
5.36
-3.59
9.55
0.46
-0.08
9.93
-7.13
5.38
-5.48
-7.23
-3.74
-2.24
8.29
2.31
7.84
2.20
10.19
20.23
8.37
7.32
-5.22
10.47
-11.83
-5.48
-14.16
-31.47
11.83
-0.78
-4.36
6.69
-11.99
-2.09
1.10
-12.99

27.07
70.43
100.00
26.12
31.26
42.62
100.00
4.82
22.35
72.83
100.00
2.43
10.08
87.49
100.00
17.14
23.08
59.78
100.00
36.78
46.51
16.71
100.00
8.69
24.64
66.68
100.00
31.31
9.74
58.94
100.00
5.04
11.38
83.58
100.00

2.8.6 Appendix 2.6. Comparing Richness to CWM traits

Fig S2.8. Comparison between species richness and CWM carbon to nitrogen ratio (A), massbased foliar nitrogen (B), photosynthetic rate (C), respiration rate (D) and specific leaf area (E)
for vascular communities. Solid and dashed grey lines represent lines of best fit for significant (p
< 0.05) and marginally significant (p < 0.1), respectively, for each model.
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2.8.7 Appendix 2.7: Environmental Variation Among- and Within-Sites

Fig S2.9. Boxplots demonstrating the variation in canopy density within and among four sites
spanning the latitudinal extent of the Canadian boreal forest (A) and bar chart representing the
percent of variation in canopy density explained within- (grey) and among-site (black). Mean
canopy density values are denoted by coloured points in each boxplot. Sites were not
significantly different from each other. The x-axis is ordered from the most southern site (left) to
the most northern site (right).
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Fig S2.10. Boxplots demonstrating the variation in organic layer thickness (OLT) within and
among four sites spanning the latitudinal extent of the Canadian boreal forest (A) and bar chart
representing the percent of variation in OLT explained within- (grey) and among-site (black).
Mean OLT values are denoted by coloured points in each boxplot. Different letters denote
significant differences between sites. The x-axis is ordered from the most southern site (left) to
the most northern site (right).
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Fig S2.11. Boxplots demonstrating the variation in active layer thickness (ALT) within and
among four sites spanning the latitudinal extent of the Canadian boreal forest (A) and bar chart
representing the percent of variation in ALT explained within- (grey) and among-site (black).
Mean ALT values are denoted by coloured points in each boxplot. Different letters denote
significant differences between sites. The x-axis is ordered from the most southern site (left) to
the most northern site (right).
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3.1 Abstract
Boreal peatlands are critical ecosystems globally because they house 30-40% of
terrestrial carbon (C), much of which is stored in permafrost soil vulnerable to climate warminginduced thaw. Permafrost thaw leads to thickening of the active (seasonally thawed) layer and
alters nutrient and light availability. These physical changes may influence community-level
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plant functional traits through intraspecific trait variation and/or species turnover. As permafrost
thaw is expected to cause an efflux of carbon dioxide (CO2) and methane (CH4) from the soil to
the atmosphere, it is important to understand thaw-induced changes in plant community
productivity to evaluate whether these changes may offset some of the anticipated increases in C
emissions. To this end, we collected vascular plant community composition and foliar functional
trait data along gradients in aboveground tree biomass and active layer thickness (ALT) in a
rapidly thawing boreal peatland, with the expectation that changes in above- and belowground
conditions are indicative of altered resource availability. We aimed to determine whether
community-level traits vary across these gradients, and whether these changes are dominated by
intraspecific trait variation, species turnover, or both. Our results highlight that variability in
community-level traits was largely attributable to species turnover and that both community
composition and traits were predominantly driven by ALT. Specifically, thicker active layers
associated with permafrost-free peatlands (i.e., bogs and fens) shifted community composition
from slower-growing evergreen shrubs to faster-growing graminoids and forbs with a
corresponding shift toward more productive trait values. The results from this rapidly thawing
peatland suggest that continued warming-induced permafrost thaw and thermokarst development
alter plant community composition and community-level traits, and thus ecosystem productivity.
Increased productivity may help to mitigate anticipated CO2 efflux from thawing permafrost, at
least in the short term, though this response may be swamped by increased CH4 release.
3.1.1 Keywords
Carbon cycling; Climate change; Discontinuous permafrost; Ecosystem function; Environmental
gradients; Leaf Economic Spectrum; Northwest Territories; Plant functional traits
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3.2 Introduction
Boreal peatlands store roughly 30-40% of global terrestrial carbon (C) (Tarnocai et al.
2009; Pan et al. 2011), meaning that changes in boreal peatland C dynamics influence the global
climate system (Roulet 2000; Lal et al. 2018). C accumulation is high in these regions for many
reasons. First, soils in boreal peatlands are cold and wet meaning that decomposition of plant
litter is slow, which promotes the accumulation of deep organic soils (i.e., peat; Moore and
Basiliko 2006). Second, peat is often composed of Sphagnum mosses, which decompose slowly
due to the chemical composition and structure of their tissues, further exacerbating the slow
decomposition rates in peatlands (Moore and Basiliko 2006; Rydin et al. 2006). Finally, many
boreal peatlands are underlain by permafrost (perennially frozen ground; Jorgenson et al. 2006);
because permafrost soils are at or below 0C, decomposition is inhibited (Vardy et al. 2000).
However, climate warming is leading to widespread increases in soil temperature and permafrost
thaw in boreal peatlands (Olefeldt et al. 2016; Biskaborn et al. 2019), relaxing environmental
constraints on decomposition. This has the potential to lead to a substantial release of carbon
dioxide (CO2) and methane (CH4) to the atmosphere (Turetsky et al. 2019) resulting in a large,
positive feedback to climate change.
In addition to altering boreal peatland C dynamics, permafrost thaw also leads to
landscape-scale changes, with both direct and indirect influences on plant community
composition and plant functional traits (defined as characteristics of an individual plant related to
its structure, physiology, or phenology; Violle et al. 2007). For example, permafrost thaw can
result in ground subsidence and inundation, leading to wetland expansion at the expense of forest
cover (i.e., lowland thermokarst; Baltzer et al. 2014) or changes to forest composition and
structure (Dearborn et al. 2021). Such changes lead to a shift in understory plant community
95

composition from slower-growing evergreen shrubs to faster-growing aquatic herbs (Camill
1999; Camill et al. 2001). Large changes in plant community composition also influence
functional traits relating to C uptake. Specifically, faster-growing, more productive species like
aquatic herbs tend to have greater foliar functional traits including greater gas exchange rates
(photosynthesis and dark respiration), specific leaf area (SLA), and nitrogen (N) concentrations
(e.g., Reich 2014; Wright et al. 2004). As such, species turnover when coupled with changes in
these foliar functional traits alter community-level traits (sensu Roos et al. 2019) with potential
implications for ecosystem C dynamics.
Warming-induced permafrost thaw is also altering resource availability and, as such, may
have both direct and indirect influences on plant community dynamics. Specifically, as
permafrost thaws the active (seasonally thawed) layer thickens, locally increasing plant available
N (via release of previously frozen N; Keuper et al. 2012, Salmon et al. 2016; Hewitt et al. 2019)
and the volume of soil available for rooting. Given that the boreal biome is historically nutrientpoor (Bonan and Shugart 1989) and cold, shallow soils limit root function, these changes in the
soil environment may directly increase plant productivity. For example, N tracer added at 40 cm
soil depth has been detected in aboveground tissues of tundra species (Hewitt et al. 2019), with
implications for plant functional traits. Increased N availability following permafrost thaw also
drives changes in community composition: fast-growing peatland species like Rubus
chamaemorus and the sedge tussock cottongrass (Eriophorum vaginatum) increased biomass
with N amendment at depth (Keuper et al. 2017). Similarly, fertilization of subarctic
communities tends to increase abundance of productive plant functional groups like deciduous
shrubs and graminoids at the expense of slower-growing plant functional groups such as lichens
(Haugwitz and Michelsen 2011). On the other hand, nutrient increases may indirectly influence
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understory plant communities through changes in the overstory: N fertilization of black spruce
(Picea mariana), a dominant boreal tree species, results in foliar trait changes including larger
leaf area (Paquin et al. 1998), and greater foliar N (Johnsen 1993; Paquin et al. 1998) and
photosynthetic rate (Johnsen 1993). Changes in the overstory may thus lead to cascading
influences on the understory community through reduction of light on the forest floor (e.g.,
Marshall and Baltzer 2015). As such, permafrost thaw, and associated increases in nutrient
availability, may directly affect community-level traits through intraspecific trait variation,
species turnover, or both and indirectly by influencing the overstory thereby leading to increased
competition for light between the under- and overstory.
Another important control on plant communities and traits in peatlands is organic layer
thickness (OLT, or peat depth): thicker organic layers restrict access to more nutrient-rich
mineral soil and may have both direct and indirect influences on understory plant communities.
Specifically, recruitment of trees in boreal peatlands tends to be higher (Préfontaine and Jutras
2017) and basal area and species richness of trees and tall shrubs greater (Dearborn et al. 2021)
when organic layer is thinner. Given these relationships and known links between nutrients and
foliar traits, we expect that understory community-level traits, through species turnover and/or
intraspecific trait variation, will be directly influenced by access to more nutrient-rich mineral
soil. On the other hand, the greater basal area on thinner organic layers may correspond with
greater canopy cover, thereby reducing light reaching the forest floor and leading to an indirect
influence on understory community composition and traits. Indeed, greater overstory density
decreases photosynthetic rates (Hébert et al. 2010) and leaf mass per area (Hébert et al. 2011) in
the boreal evergreen shrub Labrador tea (Rhododendron groenlandicum). Thus, OLT, through
access to more nutrient-rich mineral soil, may directly influence traits and composition of
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understory plant communities or be indirectly influential via decreased light availability
following changes in the overstory.
Importantly, rates of foliar gas exchange affect net primary productivity (NPP) of an
ecosystem (e.g., Reich 2012); as such, changes in community-level foliar traits due to thawinduced environmental change may alter peatland C dynamics. Understanding the relative
influences of understory community composition and intraspecific variation on community-level
traits in response to permafrost thaw is needed to better forecast future functioning of boreal
peatland sites (e.g., Frolking et al. 2011). Although permafrost thaw is expected to cause an
efflux of C to the atmosphere, increasing plant productivity following thaw may help mitigate
this loss in the short term (as suggested by Helbig et al. 2017a; Keuper et al. 2017) through
changes in plant community composition to more productive species with a faster suite of
functional traits relating to C dynamics. However, changes in plant communities following thaw
are unlikely to mitigate C loss in the long-term (Abbott et al. 2016) especially given the large
release of CH4 expected with increased wetland formation (Helbig et al 2017b).
To better understand the implications of permafrost thaw-induced environmental changes
on ground vegetation communities, we collected data on understory community composition and
foliar functional traits along a gradient in aboveground tree biomass and active layer thickness
(ALT) at a boreal peatland site experiencing rapid and accelerating permafrost thaw (Baltzer et
al. 2014). Our first objective was to determine the influence of key environmental variables,
including ALT, canopy cover, tree basal area, and OLT, on plant community composition, as
well as whole-community foliar functional traits related to the C dynamics of understory
vegetation. We tested the hypothesized connections between these abiotic and biotic factors and
their direct and indirect influence on community-level functional traits using Fig. 3.1 as a
98

framework. Secondly, we aim to determine whether changes in community-level traits across
these gradients in aboveground tree biomass and ALT are dominated by intraspecific trait
variability, species turnover, or both. Through these objectives we will be able to better infer the
direct and indirect mechanisms by which ongoing permafrost thaw will impact plant community
dynamics and ecosystem functioning (i.e., C cycling) of a high latitude boreal peatland. Since
permafrost peatlands are a common feature in the boreal biome with fairly predictable plant
community composition and response to thaw, understanding changes in plant productivity
following thaw at this site could help inform peatland C dynamics in a changing climate with
global implications.
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1. and 5. Mechanism: nutrient availability and/or increased rooting volume. Prediction: greater
active layer thickness (ALT) resulting from permafrost thaw can lead to greater community-level
traits and basal area due to the increased microbial mineralization in warmer soils and release of
previously frozen, relatively nutrient-rich soil to the active layer, as well as increased volume
available for roots.
2. Mechanism: light availability. Prediction: greater canopy cover leads to lower ground
community-level traits due to decreased light availability.
3. Mechanism: competition for resources. Prediction: greater basal area will result in lower
community-level traits due to increased competition for light with trees.
4. and 7. Mechanism: access to mineral soil. Prediction: a thinner organic layer (OLT) will lead to
greater community-level traits and tree basal area due to access to more nutrient-rich mineral soil.
6. Mechanism: aboveground productivity. Prediction: greater basal area will increase canopy
cover due to larger, more productive trees.

Fig. 3.1. Conceptual model of hypothesized connections, and main mechanisms and predictions,
between abiotic and biotic variables and their influence on community-level plant functional
traits of understory vegetation. Black and grey lines represent hypothesized positive and negative
relationships, respectively. Predictions can occur because of intraspecific trait variability and/or
species turnover.
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3.3 Methods
3.3.1 Site Description
Our study was conducted within the Scotty Creek Forest Dynamics plot (61°18′ N,
121°18′ W), located in the headwater portion of the Scotty Creek basin approximately 50 km
south of Fort Simpson, Northwest Territories, Canada (Fig. S3.1). The Scotty Creek basin is a
peatland site in the sporadic discontinuous permafrost zone and its headwater portion is
characterized by raised forested peat plateaus underlain by permafrost (henceforth ‘forested
plateaus’), where the water table closely follows the frost table (Quinton and Baltzer 2013).
Interspersed among forested plateaus are treeless or sparsely treed, permafrost-free wetlands
formed following thermokarst (i.e., ground surface subsidence) ranging from ombrotrophic bogs
to nutrient-rich fens with various levels of connectivity and surficial water table (henceforth
‘permafrost-free peatlands’). Forested plateau vegetation is dominated by black spruce and
Labrador tea, while species common to permafrost-free peatlands where we sampled included
Menyanthes trifoliata, Maianthemum trifolium, and graminoids such as Eriophorum vaginatum
and many other sedges. Mosses include feathermosses (i.e., Hylocomium splendens and/or
Pleurozium schreberi) and acrocarpous mosses (e.g., Dicranum spp.) on drier forested plateaus
and Sphagnum spp. in permafrost-free peatlands (Garon-Labrecque et al. 2015). From the period
of 1970-2010, ~11% of forest was lost at this site as a result of permafrost thaw and subsequent
thermokarst (Carpino et al. 2018) with a mean annual rate of 0.26% between 1977 and 2010
(Baltzer et al. 2014). However, rates of forest loss are accelerating and between 2000-2010,
occurred at about 0.45% per year (Baltzer et al. 2014). Mean summer (May-Aug) temperature,
annual air temperature, and annual precipitation at Fort Simpson are 14.0°C, -2.8°C, and 387.6
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mm, respectively (1981-2010; Environment and Climate Change Canada). Mean annual air
temperature at Fort Simpson has increased by ~2.8°C since 1981 (Quinton et al. 2019).
The Scotty Creek Forest Dynamics plot is part of the Smithsonian Institute’s Forest
Global Earth Observatory (ForestGEO) program (Anderson-Teixeira et al. 2015; Davies et al.
2021). The plot is 10 hectares laid out in 240, 20 m x 20 m grid cells, where all stems with a
diameter at breast height (DBH; 1.3 m) greater than 1 cm have been identified to species,
mapped, and measured for DBH. The plot captures a gradient of OLT (from about 40 cm to > 2
m) and humification, which corresponds with aboveground tree biomass. ALT varies
substantially throughout the plot, from about 40 cm to permafrost-free. See Dearborn et al.
(2021) for further details on the Forest Dynamics plot.
3.3.2 Community Composition
To assess plant community compositional differences across the Scotty Creek Forest
Dynamics plot, 40 grid cells were selected via stratified random sampling, where 10 grid cells
were selected within each of four aboveground tree biomass categories (henceforth ‘tree biomass
categories’): three categories on forested plateaus included high (>15 trees with a DBH >10 cm),
medium (5-15 trees with a DBH >10 cm), and low (<5 trees with a DBH >10 cm) aboveground
tree biomass, in addition to none (treeless permafrost-free peatlands). These categories, based on
the number of trees with >10 cm DBH per grid cell, correspond to differences in ALT, OLT,
humification, and represent increasing basal area from permafrost-free peatlands to the high tree
biomass category. Thus, these tree biomass categories act as a proxy for differences in nutrientand light-availability. In each selected grid cell, two, 1 m2 quadrats were randomly placed and all
vascular plants were identified to species or genus in the case of some Carex spp., and stem
counts were conducted to evaluate absolute abundance in late June of 2016 for the forested
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plateaus and June 2019 for the permafrost-free peatlands. For consistency, quadrats in
permafrost-free peatland areas were placed exclusively in lawns, which are relatively flat
expanses of moss (often Sphagnum spp.) of fens and bogs. Quadrat-level estimates of
community composition were averaged to represent the community of the entire grid cell.
3.3.3 Functional Traits
We collected trait data for those vascular species that cumulatively comprise ≥ 75% of
individuals across grid cells. These species belonged to several plant functional groups including
deciduous and evergreen shrubs, forbs, graminoids, coniferous trees, and fern-allies (i.e.,
pterophytes) (Table S3.1) in July 2017 for the forested plateaus and July 2019 for the permafrostfree peatlands. Though mosses, especially Sphagnum spp., are incredibly important to ecosystem
functioning in boreal peatlands (Turetsky et al. 2010), we have excluded them from our study
due to constraints related to measuring gas flux of moss from saturated systems (i.e., permafrostfree peatlands), which represent 25% of our study areas, with the instrument available for use.
Traits of interest are linked with plant productivity and include those relating to the leaf
economics spectrum (Wright et al. 2004): mass-corrected maximum photosynthetic rate (Amass),
dark respiration rate (Rmass), foliar nitrogen (Nmass), and specific leaf area (SLA). We collected
trait data for at least two grid cells in each of the four tree biomass categories to capture site-wide
variability. Within each of these grid cells, functional trait data was collected for three replicates
of each species (Table S3.1). Gas exchange was measured on leaves of each species using a
LI6400XT open-path portable gas-exchange system (LI-COR Biosciences Inc., Lincoln,
Nebraska), equipped with a LED light source (LI6400-02B). For all measurements, sample
chamber CO2 concentrations were maintained at 400 µmol CO2 mol-1 and chamber humidity
ranged from 30-60%. Gas exchange was measured at two photosynthetic photon flux densities: 0
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µmol m-2 s-1 (Rarea) and 1500 µmol m-2 s-1 (Aarea). Sampled leaves were collected for
determination of Nmass and SLA and placed in a sealed plastic bag for transport. Fresh leaves
were scanned within 2-3 hours of collection and measured for area using ImageJ (Schneider et
al. 2012). In the case of species where leaves did not fill the area of the chamber (e.g., Vaccinium
vitis-idaea and V. oxycoccos), this fresh leaf area value was used to correct the fluxes
automatically produced by the LI6400XT. Leaves were then dried at 50°C for 5 days and
weighed to an accuracy of 0.0001 g to calculate SLA as the ratio between fresh area and dry
mass. The inverse of SLA (leaf mass area) was used to convert area-based measurements to
mass-based measurements. Dried leaf samples were ground with a ball mill grinder and analyzed
for Nmass using a 2400 Series II CHNSO Elemental Analyzer (PerkinElmer, Waltham,
Massachusetts) with an acetanilide standard and an accuracy of <0.3%.
3.3.4 Environmental Variables
To evaluate drivers of plant community composition and functional trait data, we
collected environmental data (e.g., ALT, OLT, and canopy cover) at each of the 80, 1 m2
quadrats in late August 2017 for the forest plateaus and mid July 2019 for the permafrost-free
peatlands. We made four replicate measures of late season (late-August) ALT at each quadrat as
depth to refusal of a 1.5 m metal rod. We measured OLT, which equates to peat depth across our
study site, within 2 m of the southern edge of each quadrat by digging a small pit (not exceeding
1.5 m in depth for practical reasons) and measuring the depth to mineral soil or late season frost
table. In some cases, ALT exceeded the 1.5 m limit of our probe, thus we categorized ALT as
“shallow” < 0.50 m, “medium” between 0.5 – 1.5 m and “deep” beyond the limits of our
instrument (> 1.5 m). Since OLT measurements also had a 1.5 m limit, this variable was
categorized in the same way. To estimate cover of tall shrubs (i.e., >1 m tall) and trees, we used a
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densiometer at a height of 1 m to measure canopy openness at four locations (along the edge of
each 1 m2 quadrat). These four values were averaged and converted to percent cover for each
quadrat.
We determined stand structure (i.e., stem density, species composition, etc.) for all trees
and large shrubs of DBH > 1 cm across each grid cell from the existing forest dynamics plot
data. Using these data, we calculated basal area as:
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1. 𝐵𝐴 = ∑ (𝜋(

𝐷𝐵𝐻𝑖 2
) )
2

of all tree stems, i, per grid cell. We could not calculate stem density and basal area for two grid
cells because they were outside the mapped portion of the FDP; however, these grid cells were in
permafrost-free peatlands with negligible tree presence. Because basal area is calculated at the
grid cell level, environmental variables measured at the quadrat scale (i.e., ALT, OLT, canopy
cover) were averaged to represent the environment of the entire grid cell.
3.3.5 Statistical Analysis
We used R v. 3.6.1 (R Core Team 2019) to conduct all statistical analyses, and ggplot2
(Wickham 2016) and ggpubr (Kassambara 2018) to create figures. To determine the influence of
environmental variables on plant community composition across the Scotty Creek Forest
Dynamics plot, we ran ordinations using the vegan package (Oksanen et al. 2018). Specifically,
we used a Bray-Curtis dissimilarity matrix on Hellinger-transformed stem count data and
conducted a principal coordinates analysis (PCoA). Next, we conducted a redundancy analysis
(RDA) on Hellinger-transformed stem count data and standardized (mean = 0, standard deviation
= 1) environmental variables, and used variance inflation factor (VIF) to assess whether
environmental variables were collinear. We considered variables collinear if the VIF score was
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greater than 5 (Hair et al. 2006). Although OLT and ALT were moderately correlated (r = 0.48),
the VIF score of these variables were low (< 3) and thus both were retained in the analysis. Basal
area and stem density, on the other hand, were strongly correlated (r = 0.79), thus we removed
stem density from further analyses because we felt that basal area better represented the
aboveground biomass of trees than stem density. We also tested significance and overall fit of
the RDA model and determined the significance of each axis and each environmental variable in
the RDA.
To assess the extent of intra- and interspecific functional trait variability, we standardized
all traits (mean = 0, standard deviation = 1) and calculated the interspecific variation of each trait
as the variance across the means of each species. We then calculated intraspecific variability of
each trait as the variance across all individuals of each species and within-plant functional group
variability as between-species variance in that plant functional group.
To determine community-level traits for each grid cell, we computed communityweighted means (CWMs) across our plant communities for four traits involved in carbon cycling
(Amass, Rmass, Nmass, and SLA) as:
𝑆

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2. 𝐶𝑊𝑀𝑡𝑝 = ∑

𝑖=1

𝑎𝑖𝑝 × 𝑡𝑖

where aip is the abundance (stem counts) of species i in sites p and ti is the mean trait value of
each species (Garnier et al. 2004; Muscarella and Uriarte 2016). We used specific-trait means
which average trait values of all individuals of a species within each of four tree biomass
categories giving a maximum of four mean trait values per species. Thus, more abundant species
contribute more to community-level traits than less abundant species. We used ANOVA to
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assess differences in CWMs of each trait among tree biomass categories and in the case of
significant predictors, we used Tukey’s HSD test for post-hoc comparisons.
Finally, we determined connections among environmental variables and their influence
on community-level traits by testing the hypotheses presented in Fig. 3.1 using piecewise
structural equation models (SEM) of standardized (mean = 0, SD = 1) CWM traits and
environmental variables in the piecewiseSEM package (Lefcheck 2016). We fit SEMs for each
CWM trait (Amass, Rmass, Nmass, and SLA) using linear regressions. Goodness of fit was
determined using Fisher’s C statistic for the whole model as well as the R2 of each individual
model within the SEM. In the case of a significant relationship between CWMs and either
categorical variable (i.e., ALT or OLT), we used one-way ANOVA and Tukey HSD to evaluate
differences in community-level traits among these categories. Assumptions of ANOVA and
linear regression were evaluated visually and met.

3.4 Results
3.4.1 Community Composition
Plant community composition varied among the four tree biomass categories (Fig. 3.2;
Fig. S3.2), and the PCoA (Fig. S3.2) explained about 37% of variation in community
composition. The first PCoA axis explained the majority of community compositional variation
(29%) and represented a gradient from permafrost-free peatlands to forested plateaus. As such,
the differences in community composition are likely driven by the contrast between surficial
water table in the permafrost-free peatlands to water table that closely tracks ALT on the forested
plateaus (Quinton and Baltzer 2013). Specifically, permafrost-free peatlands separated
completely from all forested plateau areas and were associated with greater abundance of sedges,
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and forbs such as Menyanthes trifoliata and Maianthemum trifolium. Tree biomass categories on
forested plateaus did not differentiate across the first PCoA axis. However, along the second
PCoA axis, which explained only 8% of variation, medium tree biomass separated from low tree
biomass areas and tended to be associated with pterophytes like Equisetum scirpoides and E.
arvense, whereas low tree biomass areas were more associated with a greater abundance of
evergreens like Vaccinium vitis-idaea (an ericoid shrub) and black spruce (Picea mariana), the
forb Rubus chamaemorus, and the deciduous shrub Betula glandulosa. Plant community
composition in high tree biomass areas overlapped with both low and medium tree biomass
regions.
ALT and OLT were significant predictors of community composition across our study
site (Fig. 3.2). General patterns of distribution of each sampled community (i.e., “site scores”)
and associations of these communities with plant species in the RDA were similar to that in Fig.
S3.2, suggesting that the predictors were a good fit for the gradient in community composition
across the site. The overall analysis was significant (Table S3.2) and the fit of the model was
moderate (R2adj = 0.38), suggesting that the measured environmental variables were important in
determining community composition. An ANOVA (Table S3.3) showed that the first two axes
were significant, and the RDA showed that these axes explain 34 and 8%, respectively. In
addition, applying ANOVA to each predictor in the RDA model showed that OLT and ALT
were significantly influencing community composition (Table S3.4). OLT was closely associated
with axis 1 and was greatest in permafrost-free peatlands, suggesting that greater OLT was
associated with greater abundance of forbs and sedges. Shallow and medium OLT were
associated with greater abundance of evergreen shrubs and the forb R. chaemamorus. Greater
ALT was equally associated with axis 1 and 2 and a greater abundance of aquatic forbs, sedges,
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and horsetail species, whereas shallow and medium ALT tended to be more associated with
greater abundance of evergreen shrubs and R. chaemamorus. Finally, basal area and canopy
density, though not significant, primarily influenced RDA axis 1 and were positively associated
with abundance of evergreen shrubs.
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Fig. 3.2. Redundancy analysis of the effect of four environmental variables on understory plant
community composition across the Scotty Creek Forest Dynamics plot showing site scores and
environmental variables (A) and species scores (B). Black arrows and X’s represent scores of
continuous and categorical variables, respectively. OLT = organic layer thickness, ALT =active
layer thickness, Can. Cover = % canopy cover. Refer to Table S3.1 for species codes.
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3.4.2 Community-level Plant Functional Traits
Interspecific variation exceeded intraspecific variation in most species-trait combinations
(Fig. 3.3). In general, herbaceous species tended to have greater intra- than interspecific
variability compared to other functional groups; however, this is only true for Amass (Fig. 3.3A)
and Rmass (Fig. 3.3C) and for less than half of herbaceous (both forbs and graminoids) species.
Intraspecific variability of the pterophytes generally was less than interspecific variability for all
traits. For deciduous shrubs, intraspecific variability was greater than interspecific variability for
Rmass (Fig. 3.3C) and SLA (Fig. 3.3D) in B. glandulosa whereas Salix myrtillifolia did not exhibit
greater intraspecific variation for any trait. In contrast, intraspecific variability of evergreen
shrubs and trees never exceeded interspecific variability for any measured trait.
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Fig. 3.3. Interspecific (dashed grey line), intraspecific (coloured points), and within-plant
functional group (coloured bars) variability (as variance) of four leaf economic traits: masscorrected maximal photosynthetic rate (A), foliar nitrogen (B), dark respiration rate (C) and
specific leaf area (D) across the Scotty Creek Forest Dynamics plot. Species codes listed in Table
S3.1.

112

Community-level traits varied significantly across the tree biomass categories (Fig. 3.4;
Table S3.5). In general, CWM traits were significantly greater in treeless permafrost-free
peatlands than in low tree biomass areas, and in the high tree biomass areas in the case of
community-weighted Amass (Fig. 3.4A). However, in general permafrost-free peatlands (i.e., no
tree biomass) and medium tree biomass areas tended to have greater community-level traits than
either low or high tree biomass areas.

Fig. 3.4. Boxplots showing variability within and differences among tree biomass categories for
community-weighted mean photosynthetic rate (A), foliar nitrogen (B), dark respiration rate (C),
and specific leaf area (D). Different letters denote significant (p < 0.05) differences between
categories. Bars are filled according to average active layer thickness (ALT) of that tree biomass
category.
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The observed differences in community-level traits were primarily driven by ALT, with
greater ALT leading to greater community-level traits (Fig. 3.5). Specifically, SEM results of
CWM Amass (Fig. 3.5A), Nmass (Fig. 3.5B), Rmass (Fig. 3.5C), and SLA (Fig. 3.5D) showed that
ALT was a direct significant, positive predictor of community-level traits as hypothesized in Fig.
3.1. In contrast to our predictions, basal area was not a significant predictor of community-level
traits, however canopy cover showed the expected negative relationship with CWM traits but
significantly so only for Rmass where increasing canopy cover reduced community respiration.
Though only marginally significant (p < 0.1), CWM SLA, Amass, and Nmass, also tended to
decrease with canopy cover (Fig. 3.5). Counter to our expectations, OLT did not directly
influence CWM traits; thus, access to more nutrient-rich mineral soil was not a determinant of
understory community-level traits. However, OLT did have a significant, negative relationship
with basal area, suggesting that tree biomass was impacted by access to mineral soil. At the same
time, basal area had a significant, positive relationship with canopy cover, suggesting that OLT
indirectly influenced canopy cover via its role in promoting tree basal area production. Taken
together, these results suggest that OLT is indirectly influencing CWM traits via influences on
overstory structure. All four models of CWM traits had moderate fits and explained between 44
and 58% of total CWM trait variation. Basal area explained about 34% of variation in canopy
cover, and combined, ALT and OLT explained about 44% of variation in basal area.
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Fig. 3.5. Structural equation models demonstrating the influence of environmental variables (black boxes) on community-level plant
functional traits (grey boxes) as community-weighted mean mass-corrected photosynthetic rate (A), foliar nitrogen (B), dark
respiration rate (C), and specific leaf area (D). Black and grey solid lines represent significant positive and negative relationships,
respectively, dashed lines represent marginally (p < 0.10) significant pathways, and non-significant pathways were removed (see Fig.
3.1 for hypothesized relationships). Numbers associated with lines represent estimates for continuous and categorical variables.
Response and predictor variables were standardized to be on the same scale for ease of interpretation. Fisher’s C statistic for each
model was p = 0.264, meaning our model is a good representation of the data and that no additional pathways would improve model
results. ALT = active layer thickness and OLT = organic layer thickness. ‘ p < 0.10, * p < 0.05, **p < 0.01, ***p < 0.001.
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To explore differences in community-level traits with ALT, we ran one-way ANOVAs
and Tukey’s HSD test on each CWM traits based on the ALT categories (Fig. 3.6; Table S3.6).
All models were significant (p < 0.05; Table S3.6) and showed that sites with deep active layer
(>1.5 m) had significantly higher CWM traits than either the shallow (< 0.5 m) or medium active
layer (0.5 - 1.5 m) categories (Fig. 3.6), suggesting greater community-level traits (i.e., greater
productivity) with thicker active layer.

Fig. 3.6. Boxplots showing variability within and differences among active layer thickness
categories for community-weighted photosynthetic rate (A), foliar nitrogen (B), dark respiration
rate (C), and specific leaf area (D). Different letters denote significant (p < 0.05) differences
between categories.
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3.5 Discussion
Our results demonstrate that in a rapidly thawing boreal peatland, direct impacts of ALT
were strongly influencing both plant community composition and community-level traits. As
such, ongoing permafrost thaw in this boreal peatland can be expected to have direct impacts on
the functioning of the understory vegetation community. Specifically, greater ALT increased
CWM Amass, Rmass, Nmass, and SLA, and also led to increased abundance of fast-growing aquatic
graminoid and forb species and horsetails and decreased abundance of slow-growing evergreen
shrubs as well as the forb Rubus chamaemorus. Moreover, variation in community-level traits
was likely driven by these large shifts in community composition and not intraspecific variation,
which tended to be substantially less than interspecific variation. This means that species
turnover was influencing CWM traits more than plastic trait responses to changing conditions.
Though not as strong as ALT, OLT had an important but indirect role in influencing CWM traits
through impacts on forest structure, highlighting the importance of OLT for forest structure and
the cascading influence of light on understory community-level traits. Ultimately, the changes in
CWM traits with permafrost thaw and subsequent shift in plant community composition
documented at our rapidly thawing peatland site will play a key role in building understanding of
the C cycle of boreal peatlands and informing accurate predictive models with ongoing climate
change in Canada’s north (e.g., Yu et al. 2011).
3.5.1 Influence of active layer thickness on community composition and traits
Plant community composition was strongly influenced by ALT: greater ALT was
associated with more abundant fast-growing graminoid and forb species at the expense of slowgrowing evergreen shrubs as well as the forb Rubus chamaemorus. Our results are comparable to
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other studies on the effects of permafrost thaw on community composition in boreal peatlands
(e.g., Camill 1999; Camill et al. 2001). Specifically, thaw can result in thermokarst and resulting
collapse scars with simultaneous loss of or decrease in aboveground biomass, shifts away from
peat plateau taxa such as black spruce and ericaceous shrubs, and increased importance of
wetland-adapted plants such as Carex spp. (Camill et al. 2001). Notably, Camill et al. (2001)
found that forbs were almost entirely absent from these collapse scars in stark contrast to our
results. However, Camill (1999) demonstrated variation in plant communities among different
thaw features in boreal peatlands of Manitoba, Canada. For example, aquatic forbs like
Menyanthes trifoliata, which were common in permafrost-free areas across our site, were
abundant at the edges of collapse scars with more fen-like characteristics (i.e., higher pH) and
were absent from lower pH bog-like systems (Camill 1999). Thus, while the continued transition
of forested plateaus underlain by permafrost to permafrost-free peatlands at our site will lead to a
community change from slower-growing shrubs common and abundant on plateaus to fastergrowing wetland species, this will be mediated by groundwater inputs that shape the resulting
vegetation communities (e.g., Bubier 1995). Importantly, we have demonstrated that this shift in
species composition will lead to marked transitions in community-level traits.
Community-level traits, as characterized by CWM Amass, Rmass, Nmass, and SLA, increased
with ALT, in support of our hypothesis (Fig. 3.1). This relationship was likely a result of shifts in
community composition, and not intraspecific trait variability, which corresponded with the
finding that interspecific variation exceeded intraspecific variation for most trait-species
combinations (Fig. 3.3). Other studies have demonstrated similar patterns: Dwyer et al. (2014)
found that, in an annual plant community, increased CWM SLA along a gradient of soil N was
driven by community compositional shifts. Similarly, Roos et al. (2019) showed that species
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turnover was the main component of variation in community SLA, leaf dry matter content, foliar
N, and pH of vascular plants across an altitudinal gradient. Though intraspecific variation has
been demonstrated as important in some studies (e.g., Lepš et al. 2011; Roos et al. 2019) and is
often thought to be more important at smaller spatial scales (Albert et al. 2011), the relatively
low intra- compared to interspecific variation demonstrated herein may be attributable to strong
environmental gradients present at our site. Along a relatively short distance (800 m), ALT
ranged from only 0.4 m to greater than 1.5 m, basal area ranged from 0 to 25 m2 ha-1, and soil
conditions varied from thick organic soils with surficial water table where permafrost was absent
to relatively dry soils with variable ALT and OLT on forested plateaus. These gradients create
diverse microhabitats that support distinct species assemblages with unique suites of traits.
3.5.2 Influence of other environmental variables on community composition and traits
In addition to ALT, OLT significantly affected plant community composition and had an
indirect influence on CWM traits via changes in forest structure. Specifically, we found that a
thicker soil organic layer promoted greater abundance of sedges and forbs. This relationship is
likely because greatest OLT was observed in permafrost-free peatlands where specialist aquatic
species were more abundant. Thus, tolerance of saturated conditions in wetlands with deep
organic soils is likely having the greatest influence on plant community composition (Camill
1999). On the other hand, where the soil organic layer was thinner, slower-growing evergreen
shrubs were more abundant. This relationship was surprising, as we expected that more resource
acquisitive species would be present where organic layer was thinner because of increased access
to relatively nutrient-rich mineral soils (e.g., Reich 2014). Rather, increased abundance of
evergreen shrubs with thinner organic layer could be in part a result of increasing basal area and
canopy cover of trees: greater canopy closure associated with higher basal area requires greater
119

tolerance of light limitation (Marshall and Baltzer 2015). Because of lower light availability,
plant species with more resource conservative strategies may be more abundant where OLT is
thinner (Reich 2014), a hypothesis partially supported by our SEM results. Indeed, OLT
indirectly affected CWM traits via a direct, positive influence on basal area and an indirect effect
on canopy cover. Canopy cover had a significant negative relationship with CWM Rmass and,
though only marginally significant, also tended to have a negative influence on community Amass,
Nmass, and SLA.
3.5.3 Inter- vs. intraspecific variability
Interspecific variability exceeded intraspecific variability in most species-trait
combinations. In general, boreal sites tend to have low nutrient availability (e.g., Hobbie et al.
2002) and short growing seasons (reviewed in Bonan and Shugart 1989). Based on the fast-slow
continuum of plant strategies (Reich 2014), slow-growing species such as evergreen shrubs are
more common and abundant, as these species are better equipped to persist under harsh
conditions. However, evergreen shrubs also tend to be less plastic and thus, less responsive to
changing environmental conditions. On the other hand, with climate change and permafrost
thaw, warming soils (e.g., DeMarco et al. 2014), increasing soil resource availability (e.g.,
Keuper et al. 2012, 2017), and lengthening growing seasons (e.g., Price et al. 2013), the more
resource acquisitive strategy employed by forbs and graminoids may be favored, allowing these
taxa to become more common and abundant. These fast-growing plant functional groups also
tend to have greater intraspecific variation than evergreen shrubs, as demonstrated herein (Fig.
3.3) and by Wang and Moore (2014) and may thus be better equipped to respond to the rapidly
changing environment. Consequently, as species composition continues to shift to faster-growing
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species with warming and permafrost thaw, we may expect intraspecific variation to become
increasingly important in peatland sites.
3.5.4 Implications of changing community traits for carbon cycling
The functional traits we considered are integral to understanding potential changes in C
balance of boreal peatlands in several ways. First, an increase in CWM SLA with thickening
active layers – due to the corresponding increase in dominance of graminoids and forbs – will
lead to greater inputs of labile leaf litter (Santiago 2007), resulting in faster decomposition of
litter and greater CO2 efflux. Second, dominance of more productive taxa may increase root
exudate inputs which prime soil microbes for decomposition (Wild et al. 2016). Lastly, these
herbaceous species tend to have higher root turnover (Blume-Werry et al. 2019), thus adding
more root litter to the soil for decomposers. Combined with the release of temperature
constraints on microbial activity as soils warm, we may expect decomposition rates of all plant
litter to increase (Keuper et al. 2012; Salmon et al. 2016) resulting in a large CO2 efflux from the
soil. Simultaneously, shorter-lived roots tend to fall on the acquisitive side of the economic
spectrum (Roumet et al. 2006) and thus may be better able to quickly access newly available
nutrient pools. In addition, greater SLA facilitates greater CO2 uptake (e.g., Wright et al. 2004)
and may also lead to faster nutrient cycling because of the accelerated decomposition associated
with thinner leaves. Indeed, SLA is positively associated with Amass and Nmass in both our study (r
= 0.65 and r = 0.69 respectively, data not shown) and globally (Santiago 2007; Wright et al.
2004). In this historically nutrient-poor system (Bonan and Shugart 1989), increasing N
availability (Keuper et al. 2012; Salmon et al. 2016) and changing hydrological regime
(O’Donnell et al. 2012) with permafrost thaw favours faster-growing, more productive species as
we and others (e.g., Camill 1999) have demonstrated. However, we are likely underestimating
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community-level functional traits at this site because we exclusively measured vascular species;
mosses, especially Sphagnum spp. common in permafrost-free peatland features at this site, are
known to account for up to 50% of peatland NPP (Turetsky et al. 2010). Our findings suggest
that increased plant productivity with thaw may mitigate these new sources of CO2 (as suggested
by Keuper et al. 2017), at least in the short term. That being said, increased methane fluxes with
warming may overwhelm this signal (Hanson et al. 2020) and plant biomass is unlikely to
account for C loss in warming permafrost systems in the long term (Abbot et al. 2016).
3.5.5 Conclusions
In the boreal peatland studied herein, we demonstrated that community-level plant
functional traits (as CWM Amass, Rmass, Nmass, and SLA) of the vascular understory increase
substantially in response to active layer thickening. Furthermore, we determined that these
changes in CWM traits were most likely related to a switch in community composition from
evergreen shrubs to aquatic herbaceous species in response to increasing ALT and the associated
soil conditions of permafrost-free parts of this landscape. We also found an indirect influence of
OLT on CWM traits via modifications of forest structure, and thus light availability. Combined,
these findings help untangle the mechanisms driving ecosystem function changes in the face of
rapid permafrost thaw and provide valuable process understanding to support modelling of
boreal peatland functioning. Importantly, our findings that plant community productivity
increases with permafrost thaw in a rapidly thawing boreal peatland as result of changing
community composition suggests a possible mechanism for mediating some of the anticipated
increase in CO2 efflux, at least in the short term. However, such changes could very well be
overwhelmed by CH4 release, which is known to increase with warming (Hanson et al. 2020)
and thermokarst development (Helbig et al. 2017b).
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3.8 Chapter 3 - Supplementary figures and tables

Figure S3.1. Images of the aerial view of the Scotty Creek Forest Dynamics plot (FDP) (imagery
from: ESRI World Imagery; Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community) (A), stem density of
individual species across the FDP (B), and location of the FDP in Canada (C). Map constructed
in ArcMap courtesy of K. Dearborn and modified by K. Standen.
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Figure S3.2. Principal coordinates analysis of Hellinger transformed stem count data of vascular
understory species across Scotty Creek Forest Dynamics plot showing the site scores (A) and
species scores (B).
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Table S3.1. List of species belonging to several plant functional groups sampled for gas exchange across the Scotty Creek Forest
Dynamics plot, including their common name, 6 letter acronym and the tree biomass categories in which they were sampled. Note that
Carex species could not always be identified due to lack of flowers, so we have included all species in the same category.
Species
Evergreen Shrubs
Andromeda polifolia L.
Chamaedaphne calyculata (L.) Moench
Rhododendron groenlandicum (Oeder) Kron & Judd
Vaccinium vitis-idaea L.
Vaccinium oxycoccos L.
Deciduous Shrubs
Betula glandulosa Michx.
Salix myrtillifolia Andersson
Graminoids (sedge)
Carex species
Fern Allies
Equisetum scirpoides Michx.
Equisetum arvense L.
Forbs
Geocaulon lividum (Richardson) Fernald
Maianthemum trifolium (L.) Sloboda
Menyanthes trifoliata L.
Orthilia secunda (L.) House
Rubus chamaemorus L.
Scheuchzeria palustris L.
Coniferous Trees
Picea mariana (Mill.) BSP
Larix laricina (Du Roi) K. Koch

Common Name

Acronym

Tree Biomass
Category

Bog rosemary
Leatherleaf
Labrador tea
Lingonberry
Bog cranberry

And pol
Cha cal
Rho gro
Vac vit
Vac oxy

Med, None
High, Med, Low, None
High, Med, Low
High, Med, Low
High, Med, Low, None

Dwarf birch
Blueberry willow

Bet gla
Sal myr

High, Med, Low
High

Various sedges

Car spp.

High, Med, None

Horsetail
Horsetail

Equ sci
Equ arv

High, Med
High, Med

False toadflax
False Solomon’s-seal
Buckbean
Wintergreen
Cloudberry
Pod grass

Geo liv
Mai tri
Men tri
Ort sec
Rub cha
Sch pal

High
None
None
High
High, Med, Low
None

Black spruce
Larch

Pic mar
Lar lar

High, Med, Low
High, Med

131

Table S3.2. ANOVA table determining the importance of the RDA model (Fig. 3.2).
Significance (p < 0.05) denoted with bold font.
Factor
Model
Residual

df
6
31

Inertia
0.26
0.28

F
4.78

p
<0.01

Table S3.3. ANOVA table for each RDA (Fig. 3.2) axis demonstrating the importance to
interpret each axis. Significant (p < 0.05) axes demonstrated with bold font.
RDA Axis
1
2
3
4
5
6
Residual

df
1
1
1
1
1
1
31

Variance
F
0.18
20.28
0.04
4.64
0.02
1.76
0.01
0.85
0.01
0.76
<0.01
0.37
0.28

p
<0.01
<0.01
0.52
0.97
0.93
0.97

Table S3.4. ANOVA table for determining significance of each explanatory variable of the RDA
(Fig. 3.2). Significant (p < 0.05) explanatory variables demonstrated with bold font.
Explanatory
Variable
OLT
Basal Area
ALT
Can. Cover
Residual

df

Variance

F

p

2
1
2
1
33

0.19
0.02
0.05
0.01
0.28

10.33
1.38
2.59
1.42

<0.01
0.20
0.01
0.20
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Table S3.5. ANOVA tables of differences in community-weighted mean functional traits among
aboveground tree biomass categories (Fig. 3.4). Significance denoted by bold font.
Trait
Amass
Rmass
Nmass
SLA

Parameter
Tree Biomass
Error
Tree Biomass
Error
Tree Biomass
Error
Tree Biomass
Error

SS
253.05
538.80
13.24
24.89
7.66 x 106
1.92 x 107
4.56 x 106
1.81 x 107

df
3
34
3
34
3
34
3
34

MS
84.35
15.85
4.42
0.73
2.55 x 106
5.67 x 105
1.52 x 108
5.33 x 107

F
5.32

p
0.004

6.03

0.002

4.50

0.009

2.85

0.052

Table S3.6. ANOVA tables for differences in community-weighted mean functional traits among
active layer thickness (ALT) categories (Fig. 3.6). Significance denoted by bold font.
Trait Parameter
SS
df
MS
F
p
Amass ALT
299.52
2
149.76
10.05
<0.01
Error
491.97
33
14.91
Rmass ALT
18.46
2
9.23
15.57
<0.01
Error
19.56
33
0.59
Nmass ALT
1.18 x 107
2 5.89 x 106 12.90
<0.01
7
Error
1.51 x 10
33 4.57 x 105
SLA ALT
7.44 x 106
2 3.72 x 106
8.34
<0.01
7
Error
1.47 x 10
33 4.46 x 105
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Chapter 4. Response of boreal plant communities and forest floor
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4.1 Abstract
1. Climate warming in high latitude systems is leading to warmer soils and widespread
permafrost thaw, potentially causing a large efflux of carbon (C) to the atmosphere and
altering soil nutrient conditions by increasing microbial mineralization in shallower soil
layers and making available previously frozen soil and its associated nutrients at depth.
Given that the boreal biome is historically nutrient poor, increases in soil nutrients may
alter plant community processes and, consequently, ecosystem C fluxes. The boreal
biome stores 30-40% of global C reserves, meaning an improved understanding of these
processes is critical.
2. We conducted an experiment in a boreal peatland to emulate nutrient increases with
warming by adding fertilizer to soil in five treatments: shallow (20 cm), deep (40 cm),
both shallow and deep, disturbed control, and undisturbed control. We replicated this setup at two sites differing in aboveground biomass to assess influences of local variation in
light availability. We monitored forest floor C uptake and release, as well as communitylevel foliar functional traits for both moss and vascular plant communities to better
understand how plants may influence C fluxes in response to fertilization.
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3. Our results demonstrate rapid responses of vascular plant community-level traits as well
as ecosystem respiration and gross primary productivity to shallow, and to a lesser extent,
deep fertilization, but these responses were restricted to the low aboveground biomass
site. Indeed, the low aboveground biomass site had plant communities with more
productive community-level traits and faster ecosystem C cycling, suggesting an
influence of local environmental variation. We found that moss community-level traits
played a much more important role in mediating C fluxes to nutrient fertilization than did
vascular plant communities. However, these responses to nutrient addition led to little
change in C sink/source dynamics of our peatland sites.
4. Taken together, our results provide insight into existing ambiguities in the responses of
boreal C fluxes to increased nutrient availability following soil warming and permafrost
thaw: local environmental conditions and moss community composition can strongly
mediate the response, whereas vascular plant communities may play a more minor role.
However, our results suggest that these changes may not alter overall C sink/source
dynamics of peatlands in the near term.
4.1.1 Keywords
Carbon flux; plant community composition; plant functional traits; leaf economic spectrum;
moss; peatlands; fertilization; permafrost thaw

4.2 Introduction
High latitude systems are warming three to four times faster than the planetary average
(Pithan and Mauritsen 2014; IPCC 2018). This amplified high latitude warming is resulting in
warmer soils and widespread thawing of permafrost (perennially cryotic ground) (Biskaborn et
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al. 2019), potentially leading to a large efflux of carbon (C) to the atmosphere (Turetsky et al.
2019) and profoundly altering soil nutrient conditions (e.g., Keuper et al. 2012, Finger et al.
2016). Specifically, warming air and soil temperatures are projected to accelerate many nutrientcycling processes including root turnover rates (Yuan and Chen 2010), microbial mineralization
of organically bound nutrients (Weintraub and Schimel 2003; Keuper et al. 2012), and release of
a previously frozen nutrient pool to the active soil layer (i.e., soil seasonally frozen and thawed;
Keuper et al. 2012; Finger et al. 2016). These warming-induced increases in nutrient availability
in the historically nutrient-limited boreal biome (Bonan and Shugart 1989) have the potential to
influence ecosystem C fluxes (e.g., Lund et al. 2009) with global implications given that the
boreal biome stores 30-40% of all terrestrial carbon (Tarnocai et al. 2009; Pan et al. 2011).
Studies of the impact of nutrient fertilization (Olsson et al. 2005; Bubier et al. 2007;
Allison et al. 2008; Lund et al. 2009; Allison et al. 2010; Juutinen et al. 2010; Metcalfe et al.
2013) and experimental warming (Hobbie and Chapin 1998; Oberbauer et al. 2007; Natali et al.
2011, 2014; Voigt et al. 2017; Laine et al. 2019) on C fluxes in high latitude ecosystems have
shown inconsistent results. For example, longer-term surficial fertilization studies in boreal
peatlands demonstrate mixed responses: a) increased ecosystem respiration (ER) but no change
in net ecosystem exchange (NEE) or maximum ecosystem photosynthesis (Juutinen et al. 2010)
and b) decreased gross photosynthesis and NEE but little effect on ER (Bubier et al. 2007).
Experimental warming studies show similarly inconsistent results. Warming in two different
Alaskan tundra sites showed a) no net change in aboveground net primary productivity (NPP) or
ecosystem C flux (Hobbie and Chapin 1998) and b) a 20% increase in both growing season gross
primary productivity (GPP) and ER in response to experimental warming (Natali et al. 2011).
Importantly, these C flux responses were attributed in part to changes in plant community
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composition or foliar traits following surficial fertilization or experimental warming,
demonstrating the importance of plants in mediating ecosystem C fluxes (Hobbie and Chapin
1998; Bubier et al. 2007; Juutinen et al. 2010; Natali et al. 2011).
Increases in nutrient availability associated with permafrost thaw and soil warming
(Keuper et al. 2012; Finger et al. 2016) are expected to lead to different responses for vascular
and non-vascular communities. Specifically, vascular plant growth is expected to increase and
lead to shifts in plant community composition, favoring species that can quickly access and
assimilate newly available nutrients (e.g., Keuper et al. 2017), often at the expense of nonvascular species (e.g., Wang et al. 2017). Many long-term surficial nutrient experiments
demonstrate changes in plant biomass and community composition with fertilization (e.g., Press
et al. 1998; Shaver et al. 2001; Haugwitz and Michelsen 2011) but surficial fertilization emulates
atmospheric deposition. Experimental warming studies, on the other hand, help elucidate the
effects of increased microbial activity, and thus increased nutrient availability, in the soil profile
(e.g., Starr et al. 2008; Hudson et al. 2011; Baruah et al. 2017). Specifically, experimental
warming leads to increased vascular plant height and leaf size (Hudson et al. 2011; Baruah et al.
2017), often resulting in an overall increase in aboveground vascular plant biomass (Baruah et al.
2017). However, few studies have directly evaluated the impacts of subsurface fertilization on
plants (but see Keuper et al. 2017; Wang et al. 2017; Hewitt et al. 2019). For example, shortterm belowground fertilization in a peatland community showed that the forb Rubus
chamaemorous responded to nutrients at the thaw front, suggesting that this species was able to
access and utilize nutrient pools from thawing permafrost (Keuper et al. 2017). Similarly, Hewitt
et al. (2019) found that, in addition to rapid N uptake by R. chamaemorus, ericoid shrubs
responded to N at the thaw front, possibly as a result of their symbiosis with mycorrhizal species.
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Although we know that changes in soil resources at depth may favor some species over others, to
date, there has not been an evaluation of responses of plant functional traits (defined as any
characteristic of a plant that influences establishment, survival, and fitness of an individual,
species, or community; Reich et al. 2003), especially at the whole community level, that may
contribute to abovementioned changes in ecosystem fluxes.
Changes in plant community composition and plastic responses of individuals to
fertilization can both alter functional traits of the whole community (henceforth, communitylevel traits; sensu Roos et al. 2019). Due to the contribution of plants to ecosystem function, such
changes will ultimately affect ecosystem C fluxes and may help mediate C efflux from thawing
permafrost (e.g., Keuper et al. 2017). For example, N fertilization can lead to trait changes in
northern vascular species including larger leaf area (Karlsson 1985; Paquin et al. 1998), greater
foliar N (Shaver and Chapin 1980; Johnsen 1993; Paquin et al. 1998; Bubier et al. 2011), and
higher photosynthetic rates (Johnsen 1993). Also important is that increases in leaf area in the
dominant canopy-forming species may have cascading effects on understory vegetation by
reducing light availability (e.g., Palmroth et al. 2014), with the potential to alter resource
limitation dynamics (e.g., shifting from nutrient- to light-limitation). Moss, on the other hand,
take up and store N though this does not always translate to increased growth or biomass
production (Limpens et al. 2011; Granath et al. 2012; Juutinen et al. 2016) or CO2 exchange
rates (van der Heijden et al. 2000; Juutinen et al. 2016; but see Granath et al. 2012). As noted
previously, fertilization can lead to changes in community composition, with implications for
community-level traits. For example, increased abundance of more acquisitive species (i.e., those
with greater photosynthetic and respiration rates, foliar N, and specific leaf area (SLA); Reich
2014), at the expense of more resource conservative species like mosses and evergreen shrubs
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(e.g., Wang et al. 2017; Keuper et al. 2017) will alter community-level traits, leading to changes
in ecosystem C fluxes. Importantly, mosses account for up to 50% of boreal peatland NPP
(Turetsky et al. 2010), are estimated to sequester 10 times more C than vascular understory
species (Harden et al. 1997), and contribute as much as 50-90% to ecosystem C uptake and
release in arctic and boreal systems (Goulden and Crill 1997; Douma et al. 2007), suggesting
that changes in moss species may contribute more to ecosystem C fluxes than vascular
understory species. That being said, vascular contributions to fluxes cannot be discounted:
Gavazoz et al (2018) demonstrated that vascular plants in two Swiss peatlands contributed to
greater CO2 uptake and release, and lead to overall greater ecosystem C uptake (i.e., more
negative NEE) than moss alone. Thus, characterizing the responses of both vascular and moss
communities to warming and associated increases in soil nutrient availability in boreal peatlands
will enhance our understanding and prediction of ecosystem C flux from these carbon-rich
systems.
Importantly, local variation in environmental conditions will influence plant community
dynamics and ecosystem C fluxes. For example, across a natural gradient of active layer
thickness and aboveground tree biomass in a boreal peatland, species turnover associated with
thicker active layers lead to an increase in community-level foliar functional traits (Standen and
Baltzer 2021). In addition, canopy cover had a negative influence on community-level traits,
with more closed canopies significantly decreasing community-level dark respiration and
marginally decreasing SLA, photosynthetic rate, and foliar N traits (Standen and Baltzer 2021), a
typical response to light limitation (e.g., Reich et al. 2003). These changes in community-level C
cycling traits with local environmental variation will drive changes in ecosystem C dynamics.
For example, in a mesocosm experiment of arctic peatland vegetation, Voigt et al. (2019)
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demonstrated that mesocosms containing vascular vegetation generally had greater NEE than
those without vascular vegetation. In addition, Kolari et al. (2006) demonstrated that increasing
light availability generally increased boreal forest floor GPP, but this response differed with the
dominant understory vegetation. Thus, it is important to characterize how local variation in
environmental conditions will influence plant community dynamics and ecosystem C fluxes in
response to permafrost thaw, soil warming, and associated changes in soil resource availability.
To better understand how ecosystem fluxes of a boreal peatland site will be affected by
changing nutrient availability associated with soil warming and permafrost thaw, we conducted a
two-year nutrient fertilization experiment emulating changes in nutrients via two main
mechanisms: 1. increasing microbial mineralization in shallow soil (20 cm) via increased soil
temperature; 2. nutrient increases from previously frozen soil at the thaw front as well as
increased N mineralization at depth owing to newly available labile C sources and warmer soils
(40 cm). Our main goal is to understand how understory plants (both vascular and moss) mediate
ecosystem C dynamics in the face of soil warming and permafrost thaw and whether these
responses differ between two sites differing in aboveground tree biomass and, thus, canopy
openness. To do this, we have three main questions.
1. How do community-level foliar functional traits respond to deep and shallow
fertilization and does local variation in aboveground tree biomass influence these
responses? In addition, which of the two components of community-level traits
(intraspecific trait variation and community composition) drives these changes?
We expected that vascular community-level traits and moss foliar N would
increase with fertilization, especially in shallower soil, as a result of changes in
intraspecific foliar trait values and that other moss traits would remain stable. In
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addition, we expect responses in vascular and moss community-level traits to be
greater at the lower aboveground biomass site due to greater light availability.
Lastly, results of intraspecific trait variation may also help elucidate which
species can access newly available nutrients at depth.
2. How do forest floor C fluxes respond to deep and shallow fertilization and how
does local variation in canopy openness influence these responses? We expect
greater magnitude of CO2 uptake (GPP) and release (ER) with fertilization
resulting in an overall increase in ecosystem CO2 uptake (i.e., more negative
NEE) with fertilization. We expect these responses to be stronger with shallow
fertilization and to be greater at the low aboveground biomass site.
3. How does variation in community-level traits of vascular and moss communities
modify forest floor C fluxes? We predict that moss community-level traits will be
more closely related to forest floor C fluxes because moss account for 50% or
more of NPP, and CO2 uptake and release in boreal systems.
Our study will provide a better understanding of the potential responses of plant
community and forest floor C fluxes to enhanced nutrient availability resulting from soil
warming and permafrost thaw. This knowledge is critical for enhancing our understanding of the
potential climate feedbacks arising from rapidly changing boreal permafrost peatland systems.

4.3 Methods
4.3.1 Site Description
Our experiment was conducted in the Scotty Creek watershed (61°18′ N, 121°,18′ W),
which is a boreal permafrost peatland site located 50 km south of Fort Simpson, Northwest
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Territories, Canada. The watershed is characterized by sporadic discontinuous permafrost, where
permafrost is found beneath raised forested peat plateaus that are interspersed with treeless or
sparsely treed, permafrost-free peatlands (bogs and fens). Vegetation abundant on forested
plateaus includes black spruce (Picea mariana) and Labrador tea (Rhododendron
groenlandicum) (Garon-Labrecque et al. 2015; Standen and Baltzer 2021). Mosses on plateaus
are generally feathermosses (i.e., Hylcomium splendens and/or Pleurozium schrebi) and
acrocarpous mosses (e.g., Dicranum sp.) in more shaded areas while Sphagnum spp. are
dominant in more open areas on plateaus and in permafrost-free peatlands. Mean annual
precipitation (MAP) and air temperature (MAAT) are 387.6 mm and -2.8°C, respectively for
Fort Simpson (1981-2010; Environment and Climate Change Canada).
4.3.2 Experimental Design
To emulate nutrient increase in the soil, we used 12-4-8 NPK MiracleGro slow-release
fertilizer at a dosage of 6 g N m-2. This value is roughly four times that of the predicted
maximum rate of increase in N from rising soil temperature and permafrost thaw (e.g., 1.3 g N
m-2 yr-1; Keuper et al. 2012) but, similar to Keuper et al. (2017), was expected to release slowly
over the two-year experiment. We included three treatments emulating different mechanisms of
nutrient increase: shallow fertilization (S; 20 cm emulating increased microbial mineralization
via increased soil temperature), deep fertilization (D; 40 cm, emulating release of previously
frozen, nutrient-rich soil to the active layer as well as increased N mineralization at depth owing
to newly available labile C sources and warmer soils), and shallow + deep fertilization (SD; both
20 and 40 cm). In addition, we included two controls: an undisturbed control (UC) and a
disturbed control (DC), where the soil was disturbed as for the shallow nutrient treatment but
without fertilization. These nutrient treatments and controls were replicated at two sites
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representing the high (H) and low (L) ends of a gradient in aboveground tree biomass, giving a
total of 10 conditions (e.g., HUC, HDC, HS, HD, HSD, LUC, LDC, LS, LD, LSD). Fifty, 0.5 x 1
m quadrats were placed across the study by designating a 100 m by 100 m area and haphazardly
throwing an object to randomly select quadrat locations (n = 25 at each site). Treatments were
then randomly assigned to each quadrat (5 quadrats per treatment per site). Fertilizer was
inserted in a 25 cm grid within each quadrat using a PVC pipe of 5 cm diameter for a total of 12
insertion points in late-August 2017 to capture maximum active layer depth for the season.
Between the two sites, environmental characteristics were generally consistent: frost table depth
(FTD), soil temperature, and soil moisture (measured as volumetric water content) were not
significantly different between sites (Appendix 4.3, Table S4.1). Due to planned differences in
aboveground tree biomass, light availability (as measured by photosynthetic photon flux density)
was significantly greater at the low aboveground biomass site where the canopy was more open
(Appendix 4.3, Table S4.1).
4.3.3 Data Collection
4.3.3.1 Forest Floor C Flux
To assess forest floor C flux (CO2 and CH4), we used a static chamber technique and a
greenhouse gas (GHG) analyzer. This technique involves installing grooved, water sealed 25 cm
diameter PVC collars permanently into the peat to a depth of 10-15 cm. Collars were installed in
2017 in three randomly selected quadrats for each treatment (n = 30 collared quadrats, 15 per
site) and left for one year to recover from the potential effects of disturbance. For gas flux
measurement, clear, 17 L closed path chambers (as described by Juutinen et al. 2010) that
enclose the entire community contained within the collar (i.e., soil, mosses, forbs, small shrubs,
etc.) were placed on collars. An Ultraportable GHG analyzer (Los Gatos Research, San Jose,
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California) was attached to the chamber and CO2 and CH4 concentrations measured at one
second intervals using the following methods. First, fluxes within the chamber were measured
for five minutes in ambient light conditions, following which we placed a light-impermeable
plastic shroud over the chamber for another five-minute interval. These light- and darkmeasurement periods support the estimation of CH4 flux (mg CH4 m-2 hr-1), NEE (mg CO2 m-2
hr-1), and ER (mg CO2 m-2 hr-1), and the calculation of GPP (mg CO2 m-2 hr-1) as NEE – ER. Due
to occasional fluctuations in light environment (i.e., changing cloud cover), the full five minutes
could not always be used in the calculation of NEE; however, a minimum of 1.5 minutes was
required for robust estimates. If the flux was too variable and reliable NEE could not be
calculated, the data for that measurement were discarded. In 2018, we measured fluxes for each
collared quadrat three times: June, July, and August 2018. Due to instrument malfunction in
2019, measurements were only possible in July.
4.3.3.2 Community Composition
To assess differences in community composition, we identified to species (or genus in the
case of some mosses and graminoids), all moss and vascular plants present in all 50 quadrats. For
consistency, we estimated the percent cover of each taxa within a one-week period in late June
2019. For analysis of intraspecific variation, we grouped some moss species by genus
(Sphagnum) or functional group (feathermoss) because individual species were not always
present across all replicates.
4.3.3.3 Plant Functional Traits
To determine community functional traits and assess intraspecific variation, we collected
trait data for those species comprising ≥ 75% of total cover in each quadrat and measured 2-3
replicates of each species from each quadrat in late-June to mid-July 2019. We selected
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functional traits that relate to plant productivity and C dynamics (sensu Wright et al. 2004) and,
for consistency between moss and vascular taxa, used mass-corrected maximum photosynthetic
rate (Amass), dark respiration rate (Rmass), and foliar nitrogen concentration (Nmass). For vascular
species only, specific leaf area (SLA) was also measured. Gas exchange traits were measured
with a LI6400XT portable, open-path gas-exchange system (LI-COR Inc., Lincoln, Nebraska).
For moss, we used a metal cylinder to remove a sample from the ground surface, removed any
non-living tissue, and placed the sample in the bryophyte chamber (LI6400-24) equipped with an
LED light source (LI6400-18A). Vascular species were measured by placing a single leaf or, in
the case of Vaccinium vitis-idaea, a branch with many small leaves into the lighted (LI640002B) standard LI6400 chamber (2 x 3 cm). Sample chamber CO2 concentration was maintained
at 400 µmol CO2 mol-1 using the CO2 injector (LI6400-01) and we used desiccant to scrub
moisture from the air to achieve a chamber humidity of 30-60%. To measure dark respiration and
maximum photosynthetic rates, we measured gas exchange at photon flux densities of 0 µmol m2 -1

s and 1500 µmol m-2 s-1, respectively. All leaves and mosses sampled for gas exchange were

immediately collected by gently removing the sample from the chamber (moss) or removing the
leaves or branch from the plant (vascular species) and placing samples in a sealed plastic bag for
transport. Within 2-3 hours of sampling, fresh vascular leaves were scanned and subsequently
analyzed for leaf area using ImageJ (Schneider et al. 2012). When leaf area did not fill the area
of the 2 x 3 cm chamber, the measured area was used to correct the photosynthetic and
respiration rate data automatically returned by the LI6400XT. All leaf and moss samples were
then oven dried at 50°C for 5 days, following which we weighed all samples to an accuracy of
0.0001 g. For moss, this dry mass was then used to correct the photosynthetic and respiration rate
data automatically calculated by the LI6400XT. For vascular leaves, we calculated SLA as the
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ratio of fresh area to dry mass and the inverse of SLA (leaf mass area) was used to convert areabased gas exchange measurements to a mass-basis. We subsequently ground all moss and
vascular samples to a fine powder using a SamplePrep 8000 ball mill (SPEX SamplePrep,
Metuchen, New Jersey), and analyzed all samples for Nmass using a 2400 Series II CHNSO
Elemental Analyzer (PerkinElmer, Waltham, Massachusetts) with an acetanilide standard and an
accuracy of <0.3%.
4.3.4 Statistical Analyses
All analyses were conducted using R v 3.6.1 (R Core Team 2019) and figures were
created using ggplot2 (Wickham 2016), cowplot (Wilke 2020), and ggpubr (Kassambra 2019).
We first assessed differences among treatments and between sites using two-factor analysis of
variance (ANOVA) for trait data or linear mixed effects models (LME) for gas flux data
(Appendix 4.4). Since several analyses had significant (p < 0.05) interactions, we decided to
collapse the Site and Treatment factors into one factor called “condition” with ten levels: HUC,
HDC, HS, HD, HSD, LUC, LDC, LS, LD, LSD. Results were comparable to that of the twofactor analyses (Appendix 4.3, 4.4); thus, we present results of the one-factor analyses with the
factor “condition” throughout.
4.3.4.1 Response of plant communities to fertilization and local environmental variation
We used species mean trait values to compute community-weighted means (CWMs) for
each of the 50 quadrats in our experiment to assess the response of community-level traits of
vascular and moss communities to fertilization and local environmental variation. CWMs were
calculated for all three or four traits as Equation 1, where aip is the abundance (percent cover) of
species i in sites p and ti is the mean trait value of each species (Garnier et al. 2004; Muscarella
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and Uriarte 2016). Here, we used specific trait averages calculated as mean trait values of all
individuals of a species within each of ten conditions giving a maximum of ten mean trait values
per species. Thus, more abundant species will contribute more to the overall CWM.
𝑆

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1. 𝐶𝑊𝑀𝑡𝑝 = ∑

𝑖=1

𝑎𝑖𝑝 × 𝑡𝑖

We then assessed differences in each CWM among the ten conditions using one-way
analysis of variance (ANOVA). In the case of significant main effect of condition, Tukey’s HSD
test was used for post-hoc comparisons. Afterwards, visualizations suggested that there may be
differences between the two sites; thus, we used one-way ANOVA to assess differences in CWM
traits between sites. Intraspecific variation for each abundant and common taxa was assessed in
the same manner.
The next step was to assess variation in community composition with fertilization and
local environmental variation for both vascular and moss species using principal coordinates
analysis (PCoA) with function cmdscale of the stats package. We first Hellinger-transformed the
percent cover data using the function decostand in the vegan package (Okansen et al. 2019) and
then calculated a Jaccard dissimilarity matrix with function vegdist. We next conducted a
permutational analysis of variance (PERMANOVA) with function adonis in the vegan package
to assess differences among the ten conditions and differences between sites. Lastly, to confirm
whether significant PERMANOVA results were due to differences in centroids and/or dispersion
of points around the centroid, we conducted a beta dispersion test with function betadisper in the
vegan package. We did this separately for moss and vascular species due to the much smaller
percent cover of vascular plants in comparison to moss and to assess the contributions of both of
these communities individually to forest floor C fluxes.
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4.3.4.2 Response of forest floor C fluxes to fertilization and local environmental variation
To determine the response of forest floor C fluxes to nutrient fertilization and local
environmental variation, we used a linear-mixed effects (LME) model with condition as the fixed
effect and quadrat as a random effect to account for repeated measures. To do this, we used
package lme4 (Bates et al. 2015) with function lmer and p-values were determined with package
lmerTest (Kuzmetsova et al. 2017). When the main effect was significant, we conducted multiple
comparisons using function glht with a Tukey adjustment in the package multcomp (Hothorn et
al. 2008). Upon visual inspection of the data, we noted that there may be differences in forest
floor C fluxes between the two sites and therefore used a LME model to assess this statistical
relationship.
4.3.4.3 Relationship between community-level traits and forest floor C fluxes
To assess how variation in CWM traits of both vascular and moss communities modified
forest floor C fluxes, we used a principal components analysis (PCA). The PCA was conducted
using scaled flux and CWM trait variables (both moss and vascular communities) with function
PCA in the package FactoMineR (Le et al. 2008).

4.4 Results
4.4.1 Response of plant communities to fertilization and local environmental variation
Community-level traits for vascular species showed relatively similar patterns for each
trait considered, though the main effect of condition was not always significant (Fig. 4.1;
Appendix 4.3, Table S4.2). Specifically, CWM Amass (Fig. 4.1B) and Rmass (Fig. 4.1C) differed
significantly among conditions. CWM Amass was relatively consistent across the high site but was
elevated in the LS condition compared to the controls (i.e., LUC and LDC). Though the pairwise
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relationship was not significant, mean CWM Amass was also elevated in the LD condition.
Though the main effect of condition was not significant in CWM Nmass (Fig. 4.1A) and SLA
(Fig. 4.1D), the overall pattern of elevated CWM trait in the LS condition is consistent with
Amass. CWM Rmass showed the same pattern at the low site but differed at the high site: CWM
Rmass was higher in the HSD condition than the other treatments. There were no significant
differences between the two sites for any of the CWM traits (Fig. 4.1; Appendix 4.3, Table S4.3),
suggesting that the mean community-level traits for vascular species at each site were similar.
Interestingly, the differing patterns of CWM traits among treatments between our two sites
demonstrated local variation in the response of traits to nutrient additions.
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Fig. 4.1. Variation among- and within-conditions at two sites differing in their aboveground tree
biomass for community-weighted mass-corrected foliar nitrogen (A), photosynthetic rate (B),
dark respiration rate (C), and specific leaf area (D) of the vascular plant community. Insets of
each panel demonstrate differences in CWM traits between the high and low sites and
significance is denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001).
Differences in letters for main plots represent significant pairwise differences in the condition
parameter. Treatments represent undisturbed controls (UC), disturbed controls (DC), shallow
nutrient fertilization (S; 20 cm), deep nutrient fertilization (D; 40 cm) and simultaneous shallow
+ deep fertilization (SD) replicated at each site. See Table S4.2-S4.3 (Appendix 4.3) for detailed
ANOVA table results.
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Patterns of community-level traits for moss species differed from that of vascular species
(Fig. 4.2; Appendix 4.3, Table S4.2-S4.3). Specifically, CWM Nmass (Fig. 4.2A) and Rmass (Fig.
4.2C) differed significantly among conditions with responses varying between sites, suggesting
an influence of local environmental variation in the response of moss community-level traits to
fertilization. CWM Nmass showed similar patterns as that of the vascular CWM traits: though the
pairwise differences were not always significant, CWM Nmass was elevated in the LS conditions
compared to the controls (LUC and LDC). CWM Rmass had more convoluted patterns, with few
obvious pairwise differences among treatments within each site. On the other hand, CWM Amass
was relatively consistent across conditions and sites (Fig. 4.2B). In some cases, CWM Amass was
negative meaning that the moss community was releasing more CO2 than it was taking up.
Between sites, CWM Nmass and Rmass were significantly greater at the low site compared to the
high site, suggesting that the mean community-level traits for moss varied in response to light
availability.
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Fig. 4.2. Variation among- and within-conditions at two sites differing in their aboveground tree
biomass for community-weighted mass-based foliar nitrogen (A), photosynthetic rate (B), and
dark respiration rate (C) of the moss community. Insets of each panel demonstrate differences in
CWM traits between the sites and significance is denoted as n.s. (not significant), * (p < 0.05),
** (p <0.01) and ***(p < 0.001). Differences in letters for main plots represent significant
pairwise differences in the condition parameter. Treatments represent undisturbed controls (UC),
disturbed controls (DC), shallow nutrient fertilization (S; 20 cm), deep nutrient fertilization (D;
40 cm) and simultaneous shallow + deep fertilization (SD). Different letters denote significant
pairwise comparisons. See Table S4.2-S4.3 (Appendix 4.3) for detailed ANOVA table results.
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We assessed community composition among the conditions and between sites to
understand the contribution of community composition to CWM traits. The first two PCoA axes
explained ~ 35% of variation in vascular community composition (Fig. 4.3; Appendix 4.1, Fig
S4.1). In addition, vascular community composition differed among the ten conditions and
between the two sites, (Fig. 4.3A,C; Table 4.1). Specifically, the high site was characterized by
greater cover of ericaceous shrubs (Rhododendron groenlandicum, Chamaedaphne calyculata,
and Vaccinium uliginosum) whereas the low site had greater cover of Betula glandulosa, juvenile
Picea mariana, Vaccinium oxycoccos, and Rubus chamaemorus, suggesting inherent differences
in community composition between the two sites. The conditions LS, LD, and LSD separated
along PCoA axis 2 from LUC and LDC, with fertilized conditions having greater cover of
grasses and Betula glandulosa, whereas the controls tended to have more Vaccinium oxycoccos,
juvenile Picea mariana, and Rubus chamaemorus. Patterns were less clear at the high site, where
the controls and fertilized conditions were intermixed. In addition, the beta dispersion tests were
non-significant, suggesting that the PERMANOVA results were indeed a result of differences in
the centroids of each condition and not due to dispersion of points around each centroid
(Appendix 4.3, Table S4.4). The differing patterns of community composition with fertilization
at each site suggest an influence of local environmental variation on fertilization response of
vascular community composition.
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For the moss community (Fig. 4.3B,D), the PCoA explains about 55% of variation. Like
the vascular species, site was a significant predictor of plant community composition (Table 4.1).
Mainly, the high site was characterized by greater abundance of feathermosses (Hylocomium
splendens and Pleurozium schreberi) as well as the acrocaropus moss Dicranum undulatum
whereas the low site is represented by two Sphagnum species (S. capillifolium and S. fuscum)
and various species of Polytrichum. PERMANOVA also indicated a significant difference
among the conditions. Specifically, the HD, HS, HSD, and HDC were clustered closely together
at the high site, with HUC having lower cover of Hylocomium splendens. At the low site, the
LSD condition was more similar to the high site (greater feathermoss cover) and the other
conditions were scattered along PCoA axis 1. These results suggest that moss community
differed between sites depending on local environmental variation but demonstrates that there
was little response of the moss community to fertilization. Though PERMANOVA results were
significant, the beta dispersion tests were also significant (Appendix 4.3, Table S4.4), and thus
we cannot disentangle the influences of differences among the centroids and differences in
dispersions of points around the mean for each condition.
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Fig. 4.3. Principal coordinates analysis (PCoA) of plant community composition between two
sites differing in their aboveground tree biomass and among five different nutrient treatments.
Displayed are the centroids ± standard error of site scores for each treatment and species scores
of vascular plant community (A and C, respectively) and moss community (B and D,
respectively). See Fig S4.1 (Appendix 4.1) for raw sites scores, Table 4.1 for PERMANOVA
results, and Table S4.4 (Appendix 4.3) for beta dispersion results.
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Table 4.1. Results of PERMANOVA using the dissimilarity matrices used to conduct the
Principal Coordinates Analysis (PCoA) Fig. 4.3 for the vascular and moss communities. Results
of beta dispersion test to coincide with PERMANOVA are found in Table S4.4 (Appendix 4.3).
Significant p-values (p < 0.05) are bolded.
Sum of
Mean
Community
Parameter
df
R2
F
p
Squares Squares
Vascular
Condition
9
0.271
2.072
0.230 1.649 0.004
Residuals
40
0.730
5.581
0.140
Total
49
1.000
7.653
Site
1
0.130
0.542
0.542 7.155 0.001
Residuals
48
0.870
3.635
0.076
Total
49
1.000
4.177
Moss
Condition
9
0.267
3.786
0.421 1.614 0.026
Residuals
40
0.734
10.423
0.261
Total
49
1.000
14.209
Site
1
0.122
1.355
1.355 6.670 0.001
Residuals
48
0.878
9.751
0.203
Total
49
1.000
11.106
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We assessed intraspecific variation for four vascular species and two moss groups
common across our experiment to understand the contribution of intraspecific variation to CWM
traits and assess which species can access nutrients at depth (Fig. 4.4; Appendix 4.2, Fig S4.2S4.4; Appendix 4.3, Table S4.5-S4.6). In Fig. 4.4, we present Amass as an example trait but
comparable plots for remaining traits are found in Appendix 4.2 (Fig S4.2-S4.4). In general,
there were no consistent trends in intraspecific variation between the sites or among the
conditions for most trait-species combinations. Amass was only significantly different among
conditions for feathermoss, however pairwise comparisons showed no significant differences
(Fig. 4.4). That said, mean Amass at the high site was greater in the HDC condition compared to
HS, HD, HSD, and HUC. In addition, Amass was marginally (p = 0.059) greater at the high site
than the low site for feathermoss. Interestingly, both moss species have negative Amass in some
cases, suggesting mosses were releasing more CO2 than they were taking up. Condition was a
marginally significant predictor (p = 0.063) of Amass for B. glandulosa. Specifically, Amass was
elevated in the HS condition compared to the other treatments at the high site, but at the low site,
was elevated in the HDC condition. In addition, Amass was significantly higher at the low than the
high site. In contrast, neither condition nor site affected Amass of evergreen shrubs
(Rhododendron groenlandicum and Vaccinium vitis-idaea), the forb Rubus chamaemorus, or
Sphagnum moss, suggesting little influence of fertilization on Amass in these taxa.
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Fig. 4.4. Intraspecific trait variation of mass-based maximum photosynthetic rate among
conditions and between two sites differing in their aboveground biomass for four common
vascular species (R. groenlandicum (A), V. vitis-idaea (B), B. gladulosa (C), and R.
chamaemorus (D)) and two moss groups (Feathermoss (E) and Sphagnum spp. (F)). Insets of
each panel demonstrate differences in traits between the high and low sites and significance is
denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001). Statistics of the
one-factor ANOVA are included in each main panel and when significant, pairwise differences
are denoted by differing letters. If no pairwise differences were found, we excluded the letters.
See Table S4.5-S4.6 (Appendix 4.3) for full ANOVA details. Note the scale of the y-axis differs
for the vascular and moss species.
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The other traits showed different patterns than Amass. Specifically, condition was a
significant predictor of Nmass for V. vitis-idaea, B. glandulosa, feathermoss, and Sphagnum and a
marginally significant predictor (p = 0.061) for R. chamaemorus (Appendix 4.2, Fig S4.2).
Though there were no significant pairwise differences for V. vitis-idaea, mean Nmass was elevated
in the HS, LS, and LSD conditions compared to the controls. Mean Nmass for B. glandulosa was
elevated at HS, HD, and HSD compared to the controls at the high site and elevated at the LUC
and LD conditions at the low site but pairwise differences were not always significant.
Feathermoss had fairly consistent Nmass at the high site, but at the low site mean Nmass was
elevated in the LS condition and Sphagnum had slightly lower mean Nmass in the LSD treatment.
For R. chamaemorus, mean Nmass was elevated at HSD compared to HS, and LDC, LD, and LSD
compared to LUC and LS. Between sites, Nmass of feathermoss was greater at the low site but for
Sphagnum, was greater at the high site. R. groenlandicum had marginally (p = 0.052) greater
Nmass at the high site whereas V. vitis-idaea had marginally (p = 0.078) greater Nmass at the low
site. Rmass followed similar trends as Nmass (Appendix 4.2, Fig S4.3).
In contrast, SLA was significantly different among conditions for R. groenlandicum and
R. chamaemorus (Appendix 4.2, Fig S4.4), though pairwise differences were not always
significant. At the high site, mean SLA for R. groenlandicum was slightly elevated at the HS and
HSD conditions whereas SLA was fairly consistent across the low site. R. chamaemorus had
greater SLA in the HS compared to the HSD conditions but at the low site, was elevated in the
LSD treatment. In addition, SLA was significantly greater at the high site for both R.
groenlandicum and R. chamaemorus and was marginally (p = 0.073) higher at the low site for B.
glandulosa. Interestingly, the variation in traits among-species (interspecific trait variation) is
often greater than that of within-species (intraspecific variation) for the vascular species, whereas
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intraspecific variation for the moss groups (feathermoss and Sphagnum spp.) exceeded or was
similar to interspecific trait variation for Rmass and Nmass. (Appendix 4.2, Fig S4.5).
4.4.2 Response of forest floor C fluxes to fertilization and local environmental variation
Patterns of forest floor gas flux differed depending on the parameter under consideration
(Fig. 4.5; Appendix 4.3, Table S4.7-S4.8). Methane (CH4) flux was generally negative, bordering
on negligible, and there was no significant effect of condition. However, methane flux differed
between the sites: CH4 fluxes were more negative at the low site compared to high site (Fig.
4.5A) indicating greater CH4 uptake. Ecosystem respiration (ER) at the high site was
significantly lower than at the low site (Fig. 4.5C). While ER was fairly consistent across
conditions at the high site there were non-significant increases in ER for both LS and LD
conditions compared to LDC, which resulted in a significant main effect of condition. This
finding suggests that the LS and LD led to small increases in CO2 release. Clearer patterns
emerge for GPP, for which there was a significant condition effect despite an absence of pairwise
differences (Fig. 4.5D). At the high site, GPP was close to 0, was consistent across conditions,
and was significantly higher than at the low site. At the low site, GPP was variable but in
general, LS and LD had more negative GPP (i.e., greater CO2 uptake) than the other conditions,
though these pairwise differences were not statistically significant. Changes in ER and GPP with
fertilization had little effect on NEE, though NEE was significantly different among the ten
conditions and between the two sites (Fig. 4.5B). Though there were no evident pairwise
differences, the low site had lower NEE and thus tended to take up more CO2 than the high site,
where NEE was always positive (i.e., was a CO2 source).
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Fig. 4.5. Variation among- and within-conditions between two sites differing in their
aboveground tree biomass for methane flux (A), net ecosystem exchange (B), ecosystem
respiration (C), and gross primary productivity (D). Insets of each panel demonstrate differences
in C fluxes between the high and low sites and significance is denoted as n.s. (not significant), *
(p < 0.05), ** (p <0.01) and ***(p < 0.001). Pairwise differences between conditions were not
significant despite significant main effects for NEE and GPP. Treatments represent undisturbed
controls (UC), disturbed controls (DC), shallow nutrient fertilization (S; 20 cm), deep nutrient
fertilization (D; 40 cm) and simultaneous shallow and deep fertilization (SD). See for Table
S4.7-S4.8 (Appendix 4.3) for complete LME table results.
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4.4.3 Relationship between community-level traits and forest floor C fluxes
The PCA biplot demonstrates the differences in CWM traits and forest floor C fluxes
among the ten conditions, and relationships between these variables (Fig. 4.6; Appendix 4.5,
Table S4.14). Combined, PC1 and PC2 explain about 69% of variation. Vascular CWM traits
loaded more strongly on PC1 and were closely associated with each other, whereas moss CWM
Rmass and Nmass loaded more strongly on PC2. The forest floor C fluxes (NEE, ER, and GPP)
loaded fairly equally on PC1 and PC2 (Appendix 4.5, Table S4.14). Interestingly, the CWM
moss traits (Nmass and Rmass) tended to be closely associated with the forest floor C fluxes and
less associated with vascular CWM traits, suggesting that the moss community was mediating
NEE, ER, and GPP more than the vascular community. Specifically, greater moss Nmass and Rmass
were closely associated with greater ER, and lower GPP and NEE. Though moss CWM traits
were closely associated with forest floor C fluxes, NEE, GPP, and ER were relatively equally
associated with PC1 and PC2. This suggests that, though the majority of variation in fluxes was
associated with moss CWM traits, some variation may be associated with vascular CWM traits,
which loaded strongly on PC1.
Interestingly, there are clear differences in CWM traits and forest floor C between sites,
and patterns within sites differ among conditions. Specifically, the two sites separate along PC2:
the high site generally had greater GPP and NEE (i.e., less CO2 uptake), as well as lower ER
(i.e., less CO2 release) and moss CWM Nmass and Rmass. Within the high site, centroids of
fertilized treatments (HS, HD, HSD) separated fairly well from that of controls (HUC, HDC)
along both PC1 and PC2, with slightly lower values of moss CWM traits and ER and slightly
greater values of vascular CWM traits, GPP, and NEE in fertilized treatments compared to
controls. At the low site, centroids of shallow and deep fertilization treatments (LS and LD) were
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distinct from LDC, LUC, and LSD conditions along PC1, and, as such, generally had greater
values of vascular CWM traits and ER and lower values of GPP and NEE.
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Fig. 4.6. Principal components analysis (PCA) demonstrating relationships between forest floor
C fluxes and community-level traits among the centroids (± standard error) of five nutrient
treatments at two sites differing in aboveground tree biomass. Forest floor C fluxes include
methane (CH4) flux, net ecosystem exchange (NEE), gross primary productivity (GPP), and
environmental respiration (ER). Community-level traits for both moss and vascular species
include foliar nitrogen (Nmass), mass-corrected dark respiration rate (Rmass) and photosynthetic
rate (Amass), as well as specific leaf area (SLA) for vascular species only. See Table S4.14
(Appendix 4.5) for loadings of each variable for PC1 and PC2.
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4.5 Discussion
Our study provides evidence of the rapid response of forest floor C fluxes and vascular
CWM traits to increases in soil nutrient availability, particularly those that emulate enhanced
microbial nutrient mineralization in more surficial soils. In general, shallow fertilization
promoted more productive vascular traits and greater magnitude of forest floor GPP (i.e.,CO2
uptake) and ER (i.e., CO2 release). However, we found strong differences in the response to
fertilization between the two sites: the high aboveground biomass site was much less responsive
overall than the low aboveground biomass site. In addition, we found differences in forest floor
C fluxes, community composition and, to a lesser extent, trait values between our two sites,
suggesting an influence of local environmental conditions. Lastly, though generally unresponsive
to fertilization, moss CWM traits were closely associated with forest floor C fluxes whereas
vascular CWM traits were likely playing a minor role in C fluxes by influencing response of C
fluxes to fertilization. As such, in the short-term, vascular plants at peatland sites dominated by
Sphagnum mosses with sparser canopy cover may be more responsive to increased nutrient
availability resulting from enhanced microbial mineralization in shallow soil and, to a lesser
extent, nutrient availability at the thaw front. However, these responses had little effect on
ecosystem CO2 exchange as NEE remained fairly consistent across each site, likely because
moss were more closely associated with ecosystem C fluxes than vascular plants. As such, thawinduced nutrient increases on raised permafrost plateaus are unlikely to substantially influence
ecosystem C balance of peatlands unless moss community composition is affected.
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4.5.1 Response of plant communities to fertilization and local environmental variation
Species turnover was likely driving variation in vascular CWM traits. As such, greater
CWM traits in the LS condition were likely as a response to changes in community composition
with shallow fertilization at the low site. Although there were trait responses of some vascular
taxa to fertilization, interspecific variation generally exceeded intraspecific variation for most
species-trait combinations (Appendix 4.2, Fig S4.5). As such, community composition was likely
contributing more to community-level trait variation, which has been demonstrated in several
other studies (e.g., Siefert et al. 2014; Bjorkman et al. 2018; Standen and Baltzer 2021). The
most notable change in community composition in response to fertilization was an increase in B.
glandulosa cover, a deciduous shrub with functional trait values that are large in comparison to
other taxa investigated. Indeed, deciduous shrubs have been shown repeatedly to increase
biomass with warming and fertilization across cold regions, especially on the tundra (Chapin et
al. 1995; Shaver et al. 2001; Haugwitz and Michelsen 2011). Thus, this increase in cover of B.
glandulosa with fertilization, especially evident in the LS and LD conditions, combined with its
generally large trait values likely drove the increased CWM traits in the LS condition. That being
said, there was little response of CWM traits to the LSD condition. Given that there was some
evidence of response of intraspecific traits in the LSD condition, we do not think this treatment
was ineffective. Rather, we suspect that the lack of community-level trait response to the LSD
condition is due to differences in community composition between the conditions at the low site.
Specifically, B. glandulosa percent cover was greater for the LS than the LSD conditions (Fig.
4.3A,C), which may explain the lack of CWM trait response to the LSD condition.
Of particular interest are intraspecific trait changes with fertilization for vascular plant
species, which provide understanding of which species are capable of accessing and responding
166

to newly available nutrients at depth. We found evidence of increased mean trait values of R.
chamaemorus to fertilization at the low site (i.e., conditions LS, LD, LSD), suggesting that this
species can access nutrients deeper in the soil profile. This result corroborates other similar
studies as both Keuper et al. (2017) and Hewitt et al. (2018) found R. chamaemorus was able to
access nutrients at the thaw front. Using isotopic N enrichment, shallowly rooted ericoid shrubs
such as V. vitis-idaea have previously been demonstrated to access deeper nutrient pools (Hewitt
et al. 2018). Though the mechanism remains unclear, one hypothesis was that mycorrhizal
symbionts were able to access these deep nutrients and provide them to the plant the year
following nutrient enrichment (Hewitt et al. 2018). In our study, we found some evidence of
ericoid shrub response to shallow fertilization but little evidence with deep fertilization two years
after experimental manipulation. Since Hewitt et al. (2018) did not measure foliar functional
responses to increased N at depth, we speculate that foliar functional responses may lag behind
uptake, a strong possibility given the evergreen leaf habit. In addition, there would likely be a
large C cost to the host plant supporting this additional N uptake through mycorrhizal symbionts
(e.g., Colpaert et al. 1996), thus potentially limiting functional responses in the short term.
Overall, our study provides evidence of trait response of some vascular plant species to nutrient
additions, especially with shallow fertilization, and corroborates findings of the ability of the
forb R. chamaemorus to access nutrients deeper in the soil profile.
Moss CWM Nmass was greater with shallow fertilization at the low site, likely as a result
of intraspecific trait variation. However, this response did not lead to differences in either CWM
Amass or CWM Rmass, suggesting that moss took up and stored N but did not use it. Indeed, many
studies have demonstrated that increased tissue N in mosses does not stimulate growth (Limpens
et al. 2011; Granath et al. 2012; Juutinen et al. 2016) or CO2 exchange rates (van der Heijden et
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al. 2000; Juutinen et al. 2016; but see Granath et al. 2012). Rather, moss growth often has
neutral or negative response to N fertilization (e.g., Chapin and Shaver 1985; Pearce et al. 2003;
Limpens et al. 2011), suggesting that excess N may not be beneficial and instead could be
detrimental to moss growth in the long term. We suspect that intraspecific variation was driving
increased Nmass in the LS condition, as well as variation between sites for most moss CWM traits,
because intraspecific variation of Nmass and Rmass for moss taxa, in contrast to vascular plant
species, generally exceeded or was similar to interspecific variation (Appendix 4.2, Fig S4.5) and
community composition did not show clear patterns with fertilization. Several studies have found
large intraspecific variation in moss traits across environmental gradients (e.g., Skre and Oechel
1981; Turetsky et al. 2012), thus this response was not surprising. However, the differences in
CWM Nmass and Rmass between the sites were likely not influenced by intraspecific variation
alone: moss community composition clearly differed between the two study sites (Fig. 4.3B,D).
Thus, though intraspecific variation was likely driving the increase in moss CWM Nmass in the
LS condition, the combination of changing trait values and differing community composition
were influencing differences in moss CWM Nmass and Rmass between our two study sites.
Interestingly, trait responses to nutrient additions were generally site specific: increases in
vascular CWM traits and moss CWM Nmass and, to a lesser extent, intraspecific trait values were
only evident in response to fertilization at the low site. This is likely because light availability
was lower at the high site owing to a denser canopy (Appendix 4.3, Table S4.1). As such,
increases in nutrients may not elicit the expected functional response because light was more
limiting at this site (e.g., Chapin et al. 1987; Canham et al. 1996). For example, Canham et al.
(1996) found that four tree species grown under low light conditions showed little to no growth
response to N fertilization, whereas high light availability tended to increase growth in the high
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N compared to low N treatment. Similarly, the deciduous boreal shrub Vaccinium myrtillus
decreased maximum photosynthetic rate in response to canopy cover increase with N fertilization
(Palmroth et al. 2014). These studies suggest that growth and functional response to nutrient
additions are dependent on light availability. However, in the present study light availability was
also likely driving distinct differences in vascular and moss community composition between
sites, which also may have influenced the overall lack of community-level trait response at the
high site. Vascular species dominating the high site were primarily evergreen shrubs, which are
more conservative in their resource use and tend to occur in more resource-limiting
environments than the deciduous shrubs and forbs common at the low site. Since evergreen
species also tend to be less plastic in response to resource availability than deciduous taxa (Reich
2014), it is not surprising that the high site had limited CWM trait response for vascular species.
Mosses also differed in their composition between sites: feathermosses dominated the high site
and Sphagnum spp. were more abundant at the low site. Indeed, feathermoss cover may decline
whereas Sphagnum cover may increase with light availability (Bisbee et al. 2001) and trait
response of these moss groups were minimal at the high site. As such, the lack of response of
both vascular and moss CWM traits at the high site is likely because significant differences in
light availability led to distinct differences in plant community composition and limited trait
responses of those communities to fertilization.
4.5.2 Relationship between community-level traits and forest floor C fluxes
As expected, the forest floor C fluxes were more related to moss CWM traits than the
vascular traits, which were less closely associated with fluxes. As such, the site-specific
differences in NEE, GPP, and ER were driven by the fact that moss community composition
differed between our two study sites, likely as a result of light availability as discussed
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previously. Indeed, Sphagnum spp. net primary productivity (NPP) can account for up to 50% of
total NPP of boreal systems (Turetsky et al. 2010) and can be three or more times greater than
NPP of feathermosses (Bisbee et al. 2001). In addition, heterotrophic and soil-surface respiration
have both been shown to be greater in boreal forests where feathermoss is dominant compared to
those dominated by Sphagnum spp. (O’Connell et al. 2003). Thus, the fact that the low site,
dominated by Sphagnum spp., had greater CO2 uptake (i.e., lower GPP and NEE) compared to
the high site is not surprising, since the high site generally had greater feathermoss cover.
Though mosses played a primary role in mediating forest floor C fluxes, the increased
magnitude of CO2 uptake and release in the LS and LD condition cannot be solely explained by
moss community-level traits; except for Nmass, moss CWM traits generally did not vary among
treatments within each site. Indeed, LS and LD conditions were distinct from the other
conditions at the low site along PC1 and were associated with, not only greater ER and lower
GPP and NEE, but also greater vascular CWM traits (Fig. 4.6). As such, vascular plants were
likely playing a small role in mediating C fluxes, especially the response to fertilization.
Vascular plants have previously been indicated as important in influencing C fluxes of peatlands
and more specifically were found to increase gross ecosystem productivity and ER more than
moss alone (Gavazoz et al. 2018). However, in our study the vascular plant CWM traits alone
cannot explain the fact that the magnitude of changes in ER and GPP was similar: vascular plant
CWM Amass increased more than CWM Rmass. As such, vascular plants may be indirectly
influencing ER via an interaction with the belowground community (including roots,
mycorrhizal symbionts, and free-living microbes) (e.g., Segal and Sullivan 2014; Xue et al.
2016; Voigt et al. 2017; Gavazoz et al. 2018). For example, Voigt et al. (2017) found that in a
warming experiment, increased CO2 release from upland tundra was driven primarily by
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increased soil microbial respiration. This response was attributed to increased labile C
belowground as a result of increased deciduous shrub growth (Voigt et al. 2017). Indeed, recent
studies demonstrated priming (i.e., change in soil organic matter decomposition by plant root
exudates) and allocation of recent photosynthates belowground by vascular vegetation increased
CO2 release from the soil by 12-50% (Keuper et al. 2020; Parker et al. 2020). Another important
point is that allocation of C is determined by the nature of resource limitation (e.g., light vs. soil
resources; McNickle et al. 2016). As such, C gained through increased vascular CWM Amass and
GPP will likely be allocated belowground to mycorrhizal symbionts and roots to encourage
nutrient foraging in more nutrient-poor systems like the boreal biome (Baltzer and Sonnentag
2020). Based on this evidence, we suspect that the more negative GPP (i.e., greater CO2 uptake)
observed in the LS and LD conditions in our study may be mediated in part by vascular plant
community, which was generally more responsive to fertilization than moss community. In turn,
the increased GPP led to increased labile C availability belowground fueling greater respiration
from the belowground community (e.g., Parker et al. 2020; Keuper et al. 2020).

4.5.3 Response of forest floor C fluxes to fertilization
Though there were evident changes in some moss and vascular community processes and
the magnitude of CO2 uptake and release, we see little evidence for systematic changes in NEE
with fertilization. This suggests that overall CO2 sink/source dynamics of these boreal peatlands
was not responsive in the short term to changes in soil nutrient availability at either depth, a
result consistent with Natali et al. (2011), who demonstrated increased magnitude of ER and
GPP but no change in NEE with summer warming in Alaskan tundra. We expected that GPP
would decrease more than ER would increase, thus resulting in an overall decrease in NEE (i.e.,
greater ecosystem CO2 uptake). However, we suspect that increased photosynthates produced
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with decreasing GPP (i.e., greater CO2 uptake) may be allocated belowground and may thus be
leading to greater soil CO2 efflux as a response (e.g., Parker et al. 2020, Keuper et al. 2020) as
discussed in the previous section. Thus, increased allocation of photosynthates belowground with
more negative GPP is likely driving increased belowground respiration via roots and/or
mycorrhizal symbionts leading to little change in NEE with nutrient fertilization.
4.5.4 Conclusions
Our results suggest that the moss community was playing a prominent role in influencing
forest floor C fluxes and was likely driving differences between our two study sites. However,
vascular CWM traits may be playing a minor role in mediating fluxes and were likely related to
the response of increased magnitude of GPP and ER to fertilization at the low site. That being
said, we saw little response of NEE to fertilization, even with evident changes in GPP, vascular
CWM traits, and moss CWM Nmass in the LS condition, likely as a result of increased respiration
from the soil community via increased allocation of labile C by vascular plants belowground.
However, these responses were restricted to the site with low aboveground tree biomass (i.e., less
light limitation) and Sphagnum as the dominant moss species, suggesting that more open boreal
forests dominated by Sphagnum mosses may be more responsive to increased nutrient
availability then those with greater canopy closure and feathermoss ground cover. Our results
provide some insight into existing ambiguities in the responses of boreal C fluxes to fertilization;
local environmental conditions and moss community composition can strongly mediate the
response, whereas vascular species may play a more minor role in response to fertilization, at
least in the near term. Boreal forests store as much as 40% of terrestrial carbon (Tarnocai et al.
2009; Pan et al. 2011) and 80-90% of this is in the soil (Walker et al. 2020) making an improved
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understanding of these responses critical to understanding changes in C fluxes following
permafrost thaw.
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4.8 Chapter 4 – Supplementary figures and tables
4.8.1 Appendix 4.1: PCoA of community composition with raw site scores

Fig S4.1. Principal coordinates analysis (PCoA) of plant community composition between two
sites differing in their aboveground tree biomass and among nutrient treatments. Displayed are
the site and species scores of vascular plant community (A and C, respectively) and moss (B and
D, respectively).
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4.8.2 Appendix 4.2: Intraspecific variation plots
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Fig S4.2. Intraspecific trait variation of foliar nitrogen (Nmass) among conditions between two
sites differing in their aboveground tree productivity for four common vascular species (R.
groenlandicum (A), V. vitis-idaea (B), B. gladulosa (C), and R. chamaemorus (D)) and two moss
groups (Feathermoss (E) and Sphagnum spp. (F)). Insets of each panel demonstrate differences
in traits between the high and low sites and significance is denoted as n.s. (not significant), * (p <
0.05), ** (p <0.01) and ***(p < 0.001). Statistics of the one-factor ANOVA are included in each
panel and when significant, pairwise differences are denoted by differing letters. If no pairwise
differences were found, we excluded the letters.
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Fig S4.3. Intraspecific trait variation of mass-based dark respiration rate (Rmass) among
conditions between two sites differing in their aboveground tree productivity for four common
vascular species (R. groenlandicum (A), V. vitis-idaea (B), B. gladulosa (C), and R.
chamaemorus (D)) and two moss groups (Feathermoss (E) and Sphagnum spp. (F)). Insets of
each panel demonstrate differences in traits between the high and low sites and significance is
denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001). Statistics of the
one-factor ANOVA are included in each panel and when significant, pairwise differences are
denoted by differing letters. If no pairwise differences were found, we excluded the letters.
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Fig S4.4. Intraspecific trait variation of specific leaf area (SLA) among conditions between two
sites differing in their aboveground tree productivity for four common vascular species (R.
groenlandicum (A), V. vitis-idaea (B), B. gladulosa (C), and R. chamaemorus (D)). Insets of
each panel demonstrate differences in traits between the high and low sites and significance is
denoted as n.s. (not significant), * (p < 0.05), ** (p <0.01) and ***(p < 0.001). Statistics of the
one-factor ANOVA are included in each panel and when significant, pairwise differences are
denoted by differing letters. If no pairwise differences were found, we excluded the letters.
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Fig S4.5. Comparison of interspecific trait variation (grey dotted line) and intraspecific trait
variation (coloured points) as variance for mass-based photosynthetic rate (A), dark respiration
rate (B), foliar nitrogen (C), and specific leaf area (D) of six different species or functional
groups. Note that we do not have SLA data for the two moss groups (FMOSS and SPHSPP).
RUBCHA = Rubus chamaemorus, BETGLA = Betula glandulosa, RHOGRO = Rhododendron
groenlandicum, VACVIT = Vaccinium vitis-idaea, FMOSS = feathermoss, SPHSPP =
Sphagnum spp.
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4.8.3 Appendix 4.3: ANOVA and LMER tables – one-factor
Table S4.1. LME tables of environmental variables between the two sites. Random parameter =
“Quadrat Number”. Method = “Satterthwaite’s”.
Response

Parameter

FTD
Soil T
VWC
PPFD

Site
Site
Site
Site

Num
Df
1
1
1
1

Den
DF
29.78
28.49
28.21
29.38

SS

MS

F

p

324.9
2.7
242.9
2 087 720

324.9
2.7
242.9
2 087 720

1.322
0.595
2.687
9.485

0.259
0.447
0.112
0.004

Table S4.2. Results of one-way ANOVA of the combination factor of Site and Treatment (i.e.,
condition) for community-weighted mean traits.
Community Response Parameter
Vascular
Amass
Condition
Residuals
Rmass
Condition
Residuals
Nmass
Condition
Residuals
SLA
Condition
Residuals
Moss
Amass
Condition
Residuals
Rmass
Condition
Residuals
Nmass
Condition
Residuals

df
9
39
9
39
9
39
9
39
9
39
9
39
9
39

188

SS
32.76
58.89
2.61
3.34
8.17 x105
4.11 x 106
3.14 x 107
1.30 x 108
0.177
0.639
2.085
1.465
445 798
345 524

MS
3.64
1.51
0.29
0.09
9.08 x 104
1.05 x 105
3.49 x 106
3.34 x 106
0.020
0.016
0.232
0.038
49 533
8860

F
2.41

p
0.028

3.382

0.004

0.861

0.567

1.045

0.424

1.20

0.324

6.20 <0.001
5.59 <0.001

Table S4.3. Results of one-way ANOVA exploring differences between the two study sites for
community-level functional trait data.
Community Response Parameter
Vascular
Amass
Site
Residuals
Rmass
Site
Residuals
Nmass
Site
Residuals
SLA
Site
Residuals
Moss
Amass
Site
Residuals
Rmass
Site
Residuals
Nmass
Site
Residuals

df
1
47
1
47
1
47
1
47
1
47
1
47
1
47

SS
6.15
85.50
0.01
5.94
1.11 x 104
4.92 x 106
2.08 x 104
1.62 x 108
0.032
0.783
1.683
1.867
223 797
567 525

MS
F
p
6.15
3.38 0.072
1.82
0.01 0.077 0.782
0.13
1.11 x 104 0.106 0.746
1.05 x 105
2.08 x 104 0.006 0.938
3.43 x 106
0.032
1.94 0.171
0.017
1.683 42.38 <0.001
0.040
223 797 18.534 <0.001
12 075

Table S4.4. Results of beta dispersion tests to determine whether PERMANOVA results were
related to differences among centroids, or whether differences in beta dispersion were entangled
with differences among centroids.
Vascular

Moss

Condition
Residuals
Site
Residual
Condition
Residuals
Site
Residuals

9
40
1
48
9
40
1
48

0.134
0.309
0.019
0.579
0.714
0.464
0.559
0.800

189

0.015
0.008
0.019
0.012
0.079
0.012
0.559
0.017

1.927

0.076

1.599

0.212

6.837 <0.001
33.551 <0.001

Table S4.5. Results of one-way ANOVA for the combination factor of Site and Treatment (i.e.,
condition) for intraspecific trait data of mass-based photosynthetic rate (Amass) across several
species or functional groups.
Community
Species
Vascular
Rhododendron
groenlandicum
Betula
glandulosa
Vaccinium
vitis-idaea
Rubus
chamaemorus
Moss
Feathermoss
Sphagnum

Parameter
Condition
Residuals
Condition
Residuals
Condition
Residuals
Condition
Residuals
Condition
Residuals
Condition
Residuals

df
9
140
8
48
8
80
6
31
9
107
6
53

SS
7.55 x 10-3
1.04 x 10-1
2.71 x 10-2
8.02 x 10-2
3.20 x 10-3
2.86 x 10-2
2.09 x 10-2
6.29 x 10-2
1.11 x 10-4
6.39 x 10-4
7.12 x 10-5
4.00 x 10-4

MS
8.39 x 10-4
7.42 x 10-4
3.39 x 10-3
1.67 x 10-3
4.00 x 10-4
3.57 x 10-4
3.48 x 10-3
2.03 x 10-3
1.24 x 10-5
5.97 x 10-6
1.19 x 10-5
7.54 x 10-6

F
1.130

p
0.346

2.027

0.063

1.120

0.359

1.716

0.150

2.075

0.038

1.575

0.173

Table S4.6 Results of one-way ANOVA of site for intraspecific trait data of mass-based
photosynthetic rate (Amass) across several species or functional groups.
Community
Species
Vascular
Rhododendron
groenlandicum
Betula
glandulosa
Vaccinium
vitis-idaea
Rubus
chamaemorus
Moss
Feathermoss
Sphagnum

Parameter
Site
Residuals
Site
Residuals
Site
Residuals
Site
Residuals
Site
Residuals
Site
Residuals

df
1
148
1
55
1
87
1
36
1
115
1
58
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SS
7.12 x 10-4
1.11 x 10-1
1.54 x 10-2
9.19 x 10-2
3.50 x 10-5
3.17 x 10-2
5.79 x 10-3
7.80 x 10-2
2.29 x 10-5
7.28 x 10-4
2.68 x 10-6
4.68 x 10-4

MS
7.12 x 10-4
7.48 x 10-4
1.54 x 10-2
1.67 x 10-3
3.48 x 10-5
3.65 x 10-4
5.79 x 10-3
2.17 x 10-3
2.29 x 10-5
6.33 x 10-6
2.68 x 10-6
8.07 x 10-6

F
0.951

p
0.331

9.192

0.004

0.095

0.758

2.673

0.111

3.627

0.059

0.333

0.566

Table S4.7. Results of one-way LME of gas-flux data with the combination of Site and
Treatment (i.e., condition). Random parameter = “Quadrat Number”. Method =
“Satterthwaite’s”.
Response

Parameter

NEE
ER
GPP

Condition
Condition
Condition

Num
Df
9
9
9

Den
DF
20.4
20.3
20.3

SS
363 978
279 018
605 602

MS
40 442
31 002
67 289

F
2.83
2.38
2.98

p
0.025
0.051
0.020

Table S4.8. Results of one-way LME of gas-flux data with site. Random parameter = “Quadrat
Number”. Method = “Satterthwaite’s”.
Response Parameter
NEE
ER
GPP

Site
Site
Site

Num
Df
1
1
1

Den
DF
28.5
27.5
28.1
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SS
354 379
136 201
537 746

MS
354 379
136 201
537 746

F

p

24.79 <0.001
10.38 0.003
23.76 <0.001

4.8.4 Appendix 4.4: ANOVA and LMER tables – two-factor

Table S4.9. Results of two-way ANOVA for Site x Treatment for intraspecific trait data of massbased foliar nitrogen (Nmass) across several species or functional groups.
Community
Species
Parameter
Vascular
Rhododendron Site
groenlandicum Treatment
S*T
Residual
Betula
Site
glandulosa
Treatment
S*T
Residual
Vaccinium
Site
vitis-idaea
Treatment
S*T
Residual
Rubus
Site
chamaemorus Treatment
S*T
Residual
Moss
Feathermoss
Site
Treatment
S*T
Residual
Sphagnum
Site
Treatment
S*T
Residual
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df
1
4
4
137
1
4
3
48
1
4
3
78
1
4
1
31
1
4
4
107
1
4
4
53

SS
56.35
54.40
46.91
2018.12
26.47
53.81
164.21
501.85
21.50
73.02
24.58
475.11
3.00
299.55
4.51
648.13
23.32
17.77
46.01
169.44
6.15
12.04
0.001
63.19

MS
56.35
13.60
11.73
14.73
26.47
13.45
54.74
10.46
21.50
18.23
8.19
6.09
3.00
74.89
4.51
20.91
23.32
4.44
11.50
1.58
6.15
3.01
0.002
1.19

F
3.83
0.92
0.80

p
0.053
0.452
0.530

2.53
1.29
5.24

0.118
0.288
0.003

3.53
3.00
1.35

0.064
0.023
0.266

0.14
3.58
0.22

0.707
0.016
0.646

14.73 <0.001
2.81 0.029
7.26 <0.001
5.16
2.52
0.001

0.027
0.051
0.972

Table S4.10. Results of two-way LME of gas-flux data. Random parameter = “Quadrat
Number”. Method = “Satterthwaite’s”.
Response
CH4

NEE

ER

GPP

Parameter
Site
Treatment
S*T
Site
Treatment
S*T
Site
Treatment
S*T
Site
Treatment
S*T

Num
Df
1
4
4
1
4
4
1
4
4
1
4
4

Den
DF
19.7
19.7
19.7
20.3
20.4
20.4
20.3
20.3
20.3
20.3
20.3
20.3
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SS

MS

2.72 x 10-3
3.06 x 10-4
5.28 x 10-5
299 760
4209
54 920
146 012
60 009
74 244
483 211
32 452
88 235

2.72 x 10-3
7.64 x 10-5
1.32 x 10-5
299760
1052
13 730
146 012
15 002
18 561
483 211
8113
22 059

F

p

8.65 0.008
0.24 0.911
0.04 0.996
20.96 <0.001
0.07 0.989
0.96 0.450
11.20 0.003
1.15 0.361
1.42 0.262
21.40 <0.001
0.36 0.835
0.98 0.442

Table S4.11. Results of two-way ANOVA for Site x Treatment for each community-weighted
mean functional traits.
Community Response
Parameter
Vascular
Amass
Treatment
Site
S*T
Residual
Rmass
Treatment
Site
S*T
Residual
Nmass
Treatment
Site
S*T
Residual
SLA
Treatment
Site
S*T
Residual
Moss
Amass
Treatment
Site
S*T
Residual
Rmass
Treatment
Site
S*T
Residual
Nmass
Treatment
Site
S*T
Residual

df
4
1
4
39
4
1
4
39
4
1
4
39
4
1
4
39
4
1
4
39
4
1
4
39
4
1
4
39
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SS
10.98
6.77
15.01
58.89
1.010
0.01
1.51
3.34
1.17 x 105
1.40 x 104
6.86 x 105
4.11 x 106
8.85 x 106
6.42 x 104
2.25 x 107
1.30 x 108
0.061
0.031
0.084
0.639
0.078
1.682
0.325
1.465
35 639
224 274
185 885
345 524

MS
F
p
2.74 1.818 0.145
6.76 4.480 0.041
3.75 2.485 0.059
1.51
0.27 3.193 0.023
0.01 0.059 0.809
0.38 4.402 0.005
0.09
2.92 x 104 0.277 0.891
1.40 x 104 0.133 0.718
1.72 x 105 1.627 0.187
1.05 x 105
2.21 x 106 0.663 0.622
6.42 x 104 0.019 0.890
5.62 x 106 1.683 0.174
3.34 x 106
0.015 0.937 0.423
0.031 1.872 0.179
0.021 1.290 0.291
0.016
0.020 0.522 0.720
1.682 44.776 <0.001
0.082 2.161 0.092
0.038
8910 1.006 0.416
224 274 25.314 <0.001
46 47 5.245 0.002
8860

Table S4.12. Results of two-way ANOVA for Site x Treatment for intraspecific trait data of
mass-based photosynthetic rate (Amass) across several species or functional groups.
Community
Species
Parameter
Vascular
Rhododendron Site
groenlandicum Treatment
S*T
Residual
Betula
Site
glandulosa
Treatment
S*T
Residual
Vaccinium
Site
vitis-idaea
Treatment
S*T
Residual
Rubus
Site
chamaemorus Treatment
S*T
Residual
Moss
Feathermoss
Site
Treatment
S*T
Residual
Sphagnum
Site
spp.
Treatment
S*T
Residual

df
1
4
4
140
1
4
3
48
1
4
3
80
1
4
1
31
1
4
4
107
1
4
4
53
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SS
7.12 x 10-4
5.20 x 10-3
1.64 x 10-3
1.04 x 10-1
1.54 x 10-2
3.45 x 10-3
1.64 x 10-3
1.04 x 10-1
3.48 x 10-5
1.58 x 10-3
1.14 x 10-3
2.90 x 10-2
5.79 x 10-3
3.06 x 10-2
1.76 x 10-3
4.56 x 10-2
2.29 x 10-5
3.53 x 10-5
5.33 x 10-5
6.39 x 10-4
2.68 x 10-6
6.68 x 10-5
1.76 x 10-6
3.99 x 10-4

MS
7.12 x 10-4
1.30 x 10-3
4.09 x 10-4
7.42 x 10-4
1.54 x 10-2
8.63 x 10-4
2.76 x 10-3
1.67 x 10-3
3.48 x 10-5
3.94 x 10-4
3.78 x 10-4
3.63 x 10-4
5.79 x 10-3
7.66 x 10-3
1.76 x 10-3
1.47 x 10-3
2.29 x 10-5
8.82 x 10-6
1.33 x 10-5
5.97 x 10-6
2.68 x 10-6
1.67 x 10-5
1.76 x 10-6
7.54 x 10-6

F
0.959
1.752
0.552

p
0.329
0.142
0.698

9.196
0.517
1.652

0.004
0.724
0.190

0.096
1.085
1.043

0.758
0.370
0.378

3.935
5.202
1.192

0.056
0.003
0.283

3.842
1.477
2.232

0.053
0.214
0.070

0.356
2.215
0.233

0.553
0.080
0.631

Table S4.13. Results of PERMANOVA on the dissimilarity matrices used to conduct the
Principal Coordinates Analysis (PCoA) in Fig. 4.3 for the vascular and moss communities.
Significant p-values (p < 0.05) are noted in bold font.

Community Parameter
Vascular

Moss

Site
Treatment
SxT
Residuals
Total
Site
Treatment
SxT
Residuals
Total

df
1
4
4
40
49
1
4
4
40
49

R2
0.11
0.09
0.07
0.73
1.00
0.14
0.07
0.06
0.73
1.00
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Sum of
Mean
Squares Squares
0.826
0.826
0.695
0.174
0.551
0.138
5.581
0.140
7.653
1.952
1.952
0.975
0.244
0.859
0.215
10.423
0.261
14.209

F

p

5.923
1.245
0.987

0.001
0.193
0.486

7.490
0.936
0.824

0.001
0.494
0.645

4.8.5 Appendix 4.5: PCA loadings
Table S4.14. Loadings of forest floor C fluxes and CWM traits on PC1 and PC2 for Fig. 4.6.
Forest floor C fluxes include methane flux (CH4), net ecosystem exchange (NEE), gross primary
productivity (GPP) and environmental respiration (ER). Community-level traits for both moss
and vascular (vasc) species include foliar nitrogen (Nmass), mass-corrected dark respiration rate
(Rmass) and photosynthetic rate (Amass), as well as specific leaf area (SLA) for vascular species
only.
Variable
Vasc Amass
Moss Amass
Vasc Rmass
Vasc Nmass
Moss Rmass
Vasc SLA
Moss Nmass
GPP
ER
NEE
CH4

PC1
0.928
0.166
0.771
0.809
0.182
0.832
0.380
-0.659
0.668
-0.530
0.149
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PC2
0.253
0.152
0.493
0.526
-0.808
0.524
-0.669
0.684
-0.541
0.675
0.470

Chapter 5. General Discussion & Conclusions
5.1 Introduction
Climate warming is causing widespread permafrost thaw across the boreal biome of
western Canada (Olefeldt et al. 2016; Biskaborn et al. 2019) creating the potential for large
effluxes of carbon (C) - as carbon dioxide (CO2) and methane (CH4) - to the atmosphere
(Turetsky et al. 2019). However, warming-induced permafrost thaw may also increase plant
productivity through increased soil nutrient availability resulting from two main mechanisms: 1.
greater microbial mineralization with warming soil temperatures in more surficial soil layers
(Weintraub and Schimel 2003; Keuper et al. 2012); 2. the release of resources in previously
frozen soil to the active soil layer at depth (Keuper et al. 2012; Finger et al. 2016; Salmon et al.
2016), which will favour plants able to access and use this new nutrient pool (Keuper et al. 2017;
Hewitt et al. 2019). In addition, thermokarst following permafrost thaw may result in a shift in
plant community composition to those with more productive life history strategies (e.g., Camill
1999, Camill et al. 2001), which would also enhance plant community productivity. Importantly,
plant functional traits are connected to ecosystem-scale C fluxes (e.g., Reich 2012) and as a
result, influence overall ecosystem function (e.g., Reichstein et al. 2014). As such, changes in
traits and/or species composition will influence landscape-scale C fluxes and thus, ecosystem
function. These projected increases in plant productivity may help mitigate some of the C release
expected with climate-induced changes in permafrost and edaphic conditions, at least in the short
term; however, our knowledge of these processes is relatively limited. Through my doctoral
research I aimed to help fill this knowledge gap by quantifying how plant productivity, measured
as community-level plant functional traits related to productivity and C economics, changes
because of climate warming and permafrost thaw in boreal peatlands. I chose peatlands because
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they cover 15% of the boreal biome (Helbig et al. 2020 and references therein) and 3% of global
land area but store between 25-50% of terrestrial C (Wieder et al. 2006; Tarnocai et al. 2009;
Rydin and Jeglum 2013). The goal of the present chapter is to synthesize the key results of my
three data chapters (section 5.2; summarized in Fig. 5.1) and explore how impactful plant
community composition and community-level trait change of understory vascular plants and
moss will be on landscape-scale C fluxes in a boreal peatland site (section 5.3). Combined, the
results of my data chapters and the simplistic scaling-up analysis help untangle changes in
understory plant productivity and C fluxes with climate warming-induced changes in edaphic
conditions in boreal peatlands and provide valuable process understanding to support modelling
of boreal peatland functioning under continued, accelerated climate change in this region.
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Fig. 5.1. Conceptual diagram summarizing and synthesizing the key findings of my dissertation
research (Chapters 2-4) and discussed thoroughly in section 5.2. Solid lines refer to relationships
supported directly or indirectly by my data whereas dashed lines refer to important, hypothesized
relationships that cannot be confirmed with my data. The simplified diagram (B) shows the
general pattern seen repeatedly through my chapters: local environmental gradients influence
species composition leading to changes in community-level foliar functional traits which in turn
will drive changes in ecosystem function. The detailed diagram (A) demonstrates the
environmental variables determined to be important throughout my dissertation and their
influences on both understory vascular and moss community composition and community-level
traits. Note that the climatic gradient explored in Chapter 2 did not have as strong of an influence
on community composition and community-level traits as local environmental gradients. As
such, this relationship was left off the diagram. ALT = active layer thickness; OLT = organic
layer thickness.
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5.2 Synthesis: Implications of Climate Warming & Permafrost Thaw on Peatland
Function
The results of my research improve our understanding of climate warming-induced
changes in community-level functional traits related to plant productivity and, given the
relationship between functional traits and forest C fluxes (e.g., Reich 2012), I can speculate how
ecosystem function may be altered with warming in the boreal biome of western Canada. Indeed,
the results of my dissertation enhanced our understanding of community-level trait variation
within- and among-sites spanning a broad climatic gradient (Chapter 2), highlighted key
mechanisms of community-level trait change in a rapidly thawing boreal peatland (Chapter 3),
and evaluated changes in community level traits of both moss and vascular plant communities in
response to nutrient increases simulating soil warming and permafrost thaw and how these
changes may alter ecosystem C fluxes (Chapter 4). In general, the results of these three data
chapters suggests that local environmental gradients drive changes in understory plant
composition (both vascular and moss species) leading to changes in community-level functional
traits and thus ecosystem function (Fig. 5.1B). The following sub-sections synthesize the results
of my data chapters (Chapters 2-4) by addressing the important environmental drivers of
community composition and functional trait change (sections 5.2.1-5.2.2; Fig. 5.1) and
discussing the implication of these changes for overall peatland function (section 5.2.3).
5.2.1 Drivers of Community-Level Trait Change
Each data chapter of my dissertation helped elucidate drivers of community-level trait
change with climate warming and permafrost thaw (Fig. 5.1A). I demonstrated that within-site
environmental gradients were more important in driving variation in both plant community

201

composition and community-level traits than the large-scale climate and latitudinal gradient that
the boreal biome spans, which had a minimal influence on plant community processes (Chapter
2). Based on results of Chapter 3, I can speculate on the environmental variables that may be
driving the observed within-site patterns of plant community composition and community-level
traits across latitudes. Specifically, I found that active layer thickness (ALT) was critical in
directly influencing community-level traits and vascular plant community composition across the
Scotty Creek Forest Dynamics plot. In addition, organic layer thickness (OLT) was important in
driving community compositional changes and indirectly influencing community-level traits
through an effect on canopy structure, which had a negative relationship with community-level
traits (Chapter 3). Since canopy density, ALT, and OLT were more variable within- than among
my four peatland sites (Chapter 2), these variables may have also contributed to communitylevel trait variability within sites. Thus, my thesis work suggests that gradients in light
availability, ALT, and OLT within sites located across the latitudinal extent of the boreal biome
could have direct or indirect effects on community-level traits, and thus ecosystem function, of
boreal peatlands and that large-scale climatic and latitudinal gradients had a minimal effect.
Specifically, increasing ALT and light availability (through modifications in forest structure)
may drive increased community-level traits related to productivity, and thus lead to greater
overall C uptake (i.e., gross primary productivity; GPP) of boreal peatlands.
In addition to the insight gleaned from Chapters 2 and 3, I demonstrated that nutrient
availability influenced community-level traits (Chapter 4). Specifically, greater nutrient
availability in shallow soils (~20 cm depth) led to greater community-level traits for vascular
species where the canopy was sufficiently open. These results suggest that community-level
traits may increase in sites across the boreal biome if soil temperatures increase, leading to
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increased microbial mineralization in shallower soil. However, this may only occur if light is not
limiting plant productivity. As such, the combined findings of my three data chapters suggest
that large-scale climatic gradients have a surprisingly limited influence on community-level
traits, and thus ecosystem function, but that local, within-site environmental gradients, notably
ALT, OLT, and light availability, lead to substantial variability in plant community-level
functional traits (Fig. 5.1A). If these gradients are altered via climate warming and/or permafrost
thaw, e.g., through changes in soil nutrient availability, I expect that community-level traits will
be influenced as well. Indeed, tree productivity increased at more northern sites in western
Canadian boreal forests in response to warmer winters, a result proposed to be influenced in part
by increases in nutrient availability (Sniderhan et al. 2021), and canopy openness has been
shown to increase with latitude across the Northwest Territories (Marshall and Baltzer 2015).
Taken together, these results suggest that community-level traits at more northern sites where the
canopy is sparser may become more productive because of climate warming-induced increases in
nutrient availability.
Hydrological changes were also implicated in influencing ecosystem function:
community-level traits were greatest in the saturated permafrost-free peatlands (i.e., bogs and
fens) compared to the forested plateau regions where the water table generally follows the frost
table (Chapter 3; Quinton and Baltzer 2013). Similarly, Turetsky et al. (2010) demonstrated that
wetland sites had greater plant productivity than drier upland sites in Alaskan boreal systems.
Thus, in areas where thermokarst occurs, we may see increased CO2 uptake resulting from
complete species turnover to those with more productive life history strategies (e.g., Chapter 3).
However, in southern permafrost-free regions of the boreal biome, like OBS in Saskatchewan,
Canada (Chapter 2), soil moisture availability is projected to decrease throughout the 21st
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century (Wang et al. 2014). In addition, the boreal biome is currently experiencing increased
vapour pressure deficit (i.e., the difference between moisture in the air and how much water the
air can hold at saturation), which is especially pronounced in southern parts of the boreal biome
across western Canada (Helbig et al. 2020). As a result, evapotranspiration is increasing and is
about 30% higher in peatlands than in forested regions when VPD is high (Helbig et al. 2020).
This increase in atmospheric water demand and evapotranspiration may reduce stomatal opening
to conserve water resources thereby reducing C acquisition and plant productivity (e.g., Oren et
al. 1999). Indeed, many studies have shown that tree productivity has declined in the southern
boreal forest because of moisture stress (Hogg et al. 2008; Silva et al. 2010; Sulla-Menashe et al.
2018). In contrast, however, Sniderhan et al. (2021) found that in recent decades, black spruce
growth at OBS increased, a result they attributed to potential CO2 fertilization and associated
increases in water use efficiency. However, the authors suggest that this trend may be altered if
temperature continues to increase, inducing water stress through greater evapotranspiration
(Sniderhan et al. 2021). Thus, if vapour pressure deficit and evapotranspiration increase, reduced
water availability and increased stomatal closure (sensu Helbig et al. 2020) may constrain
community-level traits, thereby reducing ecosystem productivity.
5.2.2 Importance of Community Composition Shifts & Species Turnover
Throughout my data chapters, I found that shifts in community composition, in response
to environmental gradients (see section 5.2.1), best explained variability in community-level
traits (Chapters 2-4) and CO2 fluxes of the forest floor (Chapter 4) (Fig. 5.1). For example,
intraspecific trait variation was generally lower than interspecific trait variation across the boreal
peatland site Scotty Creek (Chapter 3) and intraspecific variation was less important in
explaining variability of community-level traits – at both local- and regional-scales – than
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changes in community composition (Chapters 2-4). The importance of species composition in
explaining community-level trait variation at both local- and regional-scales is an interesting
result and is likely related to two different processes. First, intraspecific trait variation may be
low in boreal systems owing to resource scarcity (Hobbie et al. 2002) and the harsh climate
(reviewed by Bonan and Shugart 1989): plants growing in resource-poor conditions have more
conservative life history strategies, including lower trait plasticity, than those in more resourcerich environments (Reich 2014). Second, strong environmental gradients like I sampled across
often drive species turnover (e.g., Cornwell and Ackerly 2009), thus decreasing the importance
of intraspecific trait variation. Indeed, the importance of community composition along
environmental gradients at local- and regional-scales has been demonstrated by other studies
(Cornwell and Ackerly 2009; Violle et al. 2011; Kichenin et al. 2013; Siefert et al. 2014, 2015),
even though intraspecific trait variation is often posited to be of greater importance at smaller
scales (Albert et al. 2011). Also of interest is the role of moss community in mediating CO2
fluxes (Chapter 4). Specifically, where Sphagnum was more abundant, ecosystem C uptake was
greater than when feathermoss was dominant likely as a result of greater productivity of
Sphagnum compared to feathermosses (Swanson and Flanagan 2001; Bisbee et al. 2001;
Turetsky et al. 2010). In addition, Sphagnum is more dominant when light availability is higher
and feathermosses tend to be more dominant in closed canopy sites (Chapter 4; O’Connell et al.
2003), thus suggesting a dependence of moss community composition on light availability on the
forest floor. Taken together, the results of my research suggest that where local environmental
conditions (e.g., ALT, OLT, light availability) lead to shifts in vascular and moss community
composition and community-level traits, CO2 fluxes, and consequently ecosystem function, will
be affected.

205

5.2.3 Implications for Peatland Function
Each of my data chapters builds understanding of the influence of climate-induced soil
warming and permafrost thaw on ecosystem functioning in boreal peatlands. First, I
demonstrated that ecosystem function across the latitudinal extent of the boreal biome may only
be influenced if environmental gradients within sites are altered and/or if the species pool
changes (Chapter 2). Second, I showed that peatland function responded strongly to plant
community compositional shifts following thermokarst (Chapter 3), which is consistent with
other studies exploring changes in plant community composition with lowland permafrost thaw
(e.g., Camill 1999; Camill et al. 2001). Finally, I demonstrated that increasing subsurface
nutrient availability led to increased plant productivity, as well as ecosystem respiration (ER) and
GPP, on drier plateaus, but only when light was sufficiently available (Chapter 4). However,
despite the changes in community-level traits and ER and GPP, I did not observe changes in
overall C flux (i.e., net ecosystem exchange; NEE), likely because soil respiration increased
because of greater belowground allocation of labile C belowground, thus fueling increased
microbial activity (e.g., Keuper et al. 2020; Parker et al. 2020) and leading to an equal
magnitude change of ER and GPP. In addition, CH4 flux did not respond to fertilization. Thus,
the increased plant productivity demonstrated throughout my dissertation may not contribute
substantially to the overall C balance of boreal peatlands. Though these increases in plant
productivity will increase ecosystem CO2 uptake (e.g., Chapter 4; section 5.3; Hobbie and
Chapin 1998; Natali et al. 2011), climate warming and permafrost thaw may cause a large efflux
of CH4 to the atmosphere (Helbig et al. 2017a,b; Turetsky et al. 2019; Hanson et al. 2020).
Permafrost thaw is also expected to cause large losses of CO2 through both gradual and abrupt
thaw because of increased decomposition with warmer soils (Turetsky et al. 2019) and this
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greater CO2 release is unlikely to be offset by increased plant productivity and biomass in the
long term (Abbott et al. 2016). Thus, nutrient increases on permafrost plateaus where light is not
limiting will likely lead to little change in net C (CH4 and CO2) exchange in the short term
(Chapter 4), but where permafrost thaw results in lowland thermokarst, ecosystem C loss will
likely increase due to enhanced CH4 release (Helbig et al. 2017a), despite an increase in overall
plant productivity.
As previously mentioned, I demonstrated the importance of moss community in
mediating ecosystem C fluxes: dominance of Sphagnum spp. or feathermosses led to differences
in CO2 fluxes (Chapter 4). Specifically, Sphagnum was more abundant at the sparser canopy site
and generally promoted greater ecosystem CO2 uptake (i.e., lower NEE) whereas feathermosses
were dominant at the denser canopy site and led to greater ecosystem CO2 release (i.e., higher
NEE). These results are consistent with the literature: Sphagnum spp. are generally more
abundant in wetter conditions with greater light availability compared to feathermosses (Camill
1999; Swanson and Flanagan 2001) and NPP of Sphagnum spp. can be three or more times
greater than that of feathermosses (Swanson and Flanagan 2001; Bisbee et al. 2001; Turetsky et
al. 2010). In addition, in boreal systems where feathermosses are dominant, heterotrophic and
soil-surface respiration are greater compared to those where Sphagnum spp. are more abundant
(O’Connell et al. 2003). Thus, shifts in moss community following changes in environmental
conditions (i.e., thermokarst, light availability) will likely affect peatland ecosystem function
(e.g., Turetsky et al. 2010). Specifically, ecosystem productivity will likely increase with
thermokarst because of the increased abundance of Sphagnum spp. However, as mentioned in the
previous paragraph, this increased ecosystem productivity is unlikely to account for C lost as
CH4 from thermokarst features.
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5.3 Scaling up: quantifying contributions of understory plants to landscape-scale C
fluxes
5.3.1 Upscaling Methods
To provide a better understanding of how impactful changes in community-level traits
and/or species composition will be to overall ecosystem function at Scotty Creek, NT, I
conducted a simplistic analysis to determine the contributions of understory vascular and moss
species present on raised, permafrost plateaus to landscape-level CO2 fluxes at this site. To do
this, I calculated means of area-based maximum photosynthetic rate and dark respiration rate
(Aarea and Rarea, respectively; μmol m-2 s-1) for the most abundant and dominant species on
permafrost plateaus: Rubus chamaemorus, Rhododendron groenlandicum, Betula glandulosa,
Vaccinium vitis-idaea, Chamaedaphne calyculata (see Methods (section 3.3) in Chapter 3 for
detailed trait data collection). I used functional trait data from the Scotty Creek study (Chapter
3) and the control treatments of the nutrient experiment (Chapter 4) to calculate these means. I
then determined the average area of forest floor (m2) each species occupied on permafrost
plateaus at Scotty Creek using data from the control treatments of the nutrient experiment
(Chapter 4). I multiplied the average Aarea and Rarea by the respective average forest floor area to
determine the amount of C gain (Aarea) and loss (Rarea) each species is responsible for per m2 of
forest floor. I then summed these values across the five most dominant plateau species. Next, I
extracted the maximum and minimum values of ER (landscape CO2 loss; μmol CO2 m-2 s-1) and
GPP (landscape CO2 uptake; μmol CO2 m-2 s-1) from Helbig et al. (2017c) during the peak
season (June-July) at Scotty Creek. I chose peak season because this coincides with data
collection of foliar functional traits of vascular species and represents the period of greatest
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activity in terms of CO2 fluxes of both vascular plants and the ecosystem. I then calculated the
percent contribution of vascular understory species to ecosystem CO2 fluxes by dividing the
summed estimates of vascular Aarea and Rarea by the GPP and ER values extracted from Helbig et
al. (2017c), respectively.
To determine the contribution of moss species to landscape-level CO2 fluxes at Scotty
Creek, NT, I extracted values of Aarea and Rarea from the literature (Williams and Flanagan 1998;
Whitehead and Gower 2001; van Gaalen et al. 2007; Bansal et al. 2012; Polosukhina et al. 2020)
for the three most abundant moss species or groups (Pleurozium schreberi; Hylocomium
splendens; Sphagnum spp.). Trait data collected at Scotty Creek for these mosses was not used in
these calculations because it was on a mass-basis, not an area basis, and I lacked data to convert
mass- to area-based estimates for moss (see section 5.3.3 for more detail). As such, I relied on
published values of Aarea and Rarea for the dominant moss species at Scotty Creek. I treated these
published values in the same way as the vascular species: multiplied them by the average area
occupied by moss species on permafrost plateaus and calculated a percent contribution to
landscape-level CO2 fluxes by dividing the summed moss Aarea and Rarea by GPP and ER,
respectively (extracted from Helbig et al. 2017c).
5.3.2 Results and Discussion
Based on the simple calculations, I determined that moss and vascular species contributed
substantially to landscape-level estimates of ER and GPP on permafrost plateaus. I estimated that
dominant moss groups on permafrost plateaus contributed between 22-29% and 20-24% to peak
growing season GPP and ER, respectively. Aboveground biomass of understory vascular plants
on permafrost plateaus accounted for a similar amount of peak growing season GPP as moss (25-
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33%) but contributed substantially less to landscape-level ER (8-10%). In total, moss and
understory vascular species on permafrost plateaus contributed 47-61% and 28-35% to
landscape-level ER and GPP, respectively. The remaining 49-53% of GPP is attributable to other
photosynthetic organisms, including lichen, trees, aquatic phytoplankton, and moss and vascular
species in wetlands (since the landscape-scale GPP and ER estimates cover wetlands as well as
plateaus), whereas remaining 65-72% of ER is attributable to autotrophic respiration from those
organisms, including root respiration of vascular species, in addition to heterotrophic respiration
from soil microbial biomass.
The estimated vascular and moss contributions to peak growing season CO2 fluxes are
within the ranges of published values in other boreal systems and provide a rough estimate of
understory contributions to landscape-scale fluxes at Scotty Creek. Indeed, within boreal study
sites, the published values of understory contributions to GPP range from <5% (Misson et al.
2007) to 77% (Ikawa et al. 2015) with an average of approximately 30% across nine studies
(Black et al. 1996; Goulden and Crill 1997; Hollinger et al. 1998; Kolari et al. 2006; Misson et
al. 2007; Bergeron et al. 2009; Xue et al. 2011; Ikawa et al. 2015; Chi et al. 2021). For ER,
published understory contributions vary from 40% (Hollinger et al. 1998) to 90% (Goulden and
Crill 1997) with an average of approximately 65% across seven studies (Goulden and Crill 1997;
Hollinger et al. 1998; Kolari et al. 2006; Misson et al. 2007; Bergeron et al. 2009; Ikawa et al.
2015; Chi et al. 2021). The large variability in the contributions of understory species to
ecosystem-level fluxes is likely in part due to variation in dominant overstory (e.g., black spruce,
larch, aspen, pine) and understory (e.g., hazelnut, cowberry, evergreen shrubs, feathermoss,
Sphagnum) vegetation among the study sites and the differences in life history strategies and trait
values among these species. In addition, black spruce at Scotty Creek contribute minimally to
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evapotranspirative fluxes (1-2%; Warren et al. 2018) and, as such, may have a small influence on
CO2 fluxes, supporting a greater importance of understory plants on permafrost plateaus to
landscape-level fluxes. The most comparable study to my calculations was Ikawa et al. (2015),
who measured landscape-level fluxes above and below the canopy of a sparse black spruce forest
in Alaska and found understory contributions of 45-77% (mean = 63%) and 45-80% (mean =
73%) to snow-free ecosystem GPP and ER, respectively. These values closely reflect my
estimates of 47-61% and 28-35% to landscape-level ER and GPP, respectively, especially since
my calculations exclude soil respiration, which is estimated as 40% in a larch forest in Siberia
(Hollinger et al. 1998) and 48-71% in several coniferous boreal sites in Canada (Lavigne et al.
1997). Based on these studies, my rough calculations of vascular understory and moss
contributions to landscape-scale GPP and ER on permafrost plateaus at Scotty Creek are
reasonable.
Though there are many assumptions made in the rough calculations conducted herein (see
section 5.3.3), the estimates suggest a large contribution of understory vascular and moss species
on permafrost plateaus to landscape-scale CO2 fluxes. As such, if we see large shifts in
community composition with, for example permafrost thaw (Chapter 3), this could lead to
reasonably large changes in landscape-scale fluxes. Indeed, I demonstrated that, on average,
community-weighted mean Amass and Rmass for vascular species in permafrost-free peatlands were
110% and 25% greater, respectively, than that of permafrost plateaus as a result of complete
species turnover to more productive species (Chapter 3). Since vascular species contributed an
estimated 25-33% to landscape-scale GPP at Scotty Creek, this switch in community
composition combined with increases in community-weighted mean traits related to C dynamics
could substantially increase CO2 uptake at a landscape-scale. In addition, moss community-level
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traits and community composition mediated forest floor C fluxes (Chapter 4) and accounted for
22-29% and 20-24% of peak growing season GPP and ER, respectively. Thus, large-scale
changes in moss community composition, such as through thermokarst (e.g., Camill 1999) or
changes in light availability (e.g., Chapter 4; Bisbee et al. 2001), are likely to substantially alter
landscape-scale C fluxes. However, this increase in CO2 uptake at the landscape-scale is unlikely
to account for the large increase in C lost as CO2 and CH4 with warming-induced permafrost
thaw and thermokarst (e.g., Abbot et al. 2016; Helbig et al. 2017a,b; Turetsky et al. 2019;
Hanson et al. 2020). That being said, given the large contributions of the understory to C fluxes
in boreal systems (section 5.3; Black et al. 1996; Goulden and Crill 1997; Hollinger et al. 1998;
Kolari et al. 2006; Misson et al. 2007; Bergeron et al. 2009; Xue et al. 2011; Ikawa et al. 2015;
Chi et al. 2021), understanding how changes in understory plants influence ecosystem-scale
fluxes is critical to better characterizing the C balance and changes in C dynamics of boreal
peatland sites with continued, accelerated climate change in these regions.
5.3.3 Assumptions and Caveats of the Upscaling Exercise
1

This method is a simplistic way to scale-up leaf-level fluxes and relate these to landscapescale fluxes, and thus ignores the complexity of ecological systems in several ways. First,
CO2, light, and humidity conditions were kept consistent when measuring leaf-level
functional traits and provide optimum conditions for determining Aarea and Rarea. Second,
these measurements were taken in the morning, before daily thermal maximum was reached
and thus, are not taking into account daily variation of Aarea and Rarea. Indeed, the activity of
Rubisco, the key enzyme involved in photosynthesis, is temperature sensitive and the thermal
optimum of Rubisco activity varies among species and individuals adapted and/or acclimated
to different temperatures (e.g., Sage et al. 2008). Similarly, respiration has a positive
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relationship to temperature (e.g., Heskel et al. 2016). As such, values of Aarea and Rarea would
vary with temperature throughout the day, which is not represented by my calculations.
Third, I ignored the influence of plants (individuals, populations, and the whole community)
on their surroundings in terms of CO2 concentration, vertical light availability (i.e., selfshading), temperature, and humidity. As such, I ignored the complexity of interactions
between plant structure and the atmosphere and assumed leaf-level fluxes will be constant for
each species spatially and temporally. For these reasons, the average trait values calculated
for each species are likely overestimating the contributions of vascular understory species to
landscape-level fluxes.
2

Moss trait data that I collected at Scotty Creek (and other sites) are mass-based and, due to a
lack of leaf mass area data for moss, cannot be converted to area-based values. As such, the
values of Aarea and Rarea for moss species are estimates extracted from several published
studies (Williams and Flanagan 1998; Whitehead and Gower 2001; van Gaalen et al. 2007;
Bansal et al. 2012; Polosukhina et al. 2020). These estimates may not reflect what is
occurring at Scotty Creek and, as such, may be over- or underestimates of moss trait values.
Indeed, the published values likely reflect optimum conditions for measurement of Rarea and
Aarea, and may not incorporate variability of these traits with, for example, moisture
conditions, which vary spatially and temporally and greatly influence photosynthesis of moss
(e.g., Murray et al. 1989).

3

I assumed that Aarea and Rarea have a direct relationship to GPP and ER. Indeed, ecosystem
level functions are often considered analogous to leaf-level ecophysiological traits (as
suggested by Reichstein et al. 2014).
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4

I assumed ubiquitous distribution of species across the permafrost plateaus. Though vascular
species composition is generally similar across the plateaus (Figure S3.2, Chapter 3),
distribution can be patchy and thus the cover of each species may be over- or underestimated.
Moss cover could be similarly over- or underestimated.

5

I assumed that the area covered by each species based on percent cover estimates conducted
visually is equal to the amount of photosynthetic tissue each species has per unit area. This
may underestimate the amount of photosynthetic tissue of some species because it ignores
the complexity of vertical leaf structure on individual plants.

6

I only included the most dominant species in these calculations, as these are contributing the
most to CO2 exchange at a landscape-scale. Though likely having a minimal to negligible
effect, less common understory vascular and moss species will still influence landscape-scale
GPP and ER.

7

Due to data availability, I included only permafrost plateau species in the calculations. In the
wetlands, I did not have estimates of percent cover of each species, which provide a better
estimate of biomass of each species than stem counts. As such, multiplying average trait
values by percent cover estimates would provide more accurate estimates of understory plant
contributions to landscape-scale CO2 fluxes. However, we do know that wetlands tend to be
more productive than drier plateau areas of boreal sites (Chapter 3). Thus, we can assume
that wetland plant contribution to GPP and ER is likely equal to or greater than that of
permafrost plateau species.

5.4 Conclusions
Overall, my data chapters demonstrate changes in plant community composition and
community-level traits, and thus ecosystem function, with environmental gradients within sites
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(Chapter 2), notably active layer thickness, organic layer thickness, and light and nutrient
availability (Chapters 3-4), as summarized in Fig. 5.1. Combined with the simple calculations
conducted in this chapter (section 5.3), I speculate that changes in understory community
composition with climate-warming and permafrost thaw may have a reasonably large influence
on landscape-scale CO2 fluxes, though these signals may be overwhelmed by increases in C loss
through warming and subsequent thermokarst. These results provide valuable insight into plant
community composition and trait change with climate-induced edaphic changes and thus support
modelling of boreal peatland functioning under continued, accelerated climate change in this
region.
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